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Abstract 

Atomic Layer Deposition (ALD) has emerged as the technique of choice in the 

microelectronics industry, owing to its self-limiting nature, that allows conformal film 

deposition in highly confined spaces. However, while the ALD of metal oxide has developed 

dramatically over the past decade, ALD of pure metal, particularly the transition metals has 

been developing at a very slow pace. This article reviews the latest development in the ALD 

of pure transition metals and alloys, for electronic and catalytic applications. In particular, the 

article analyzes how different factors, such as the substrate properties, deposition conditions, 

precursor and co-reactant properties, influence the deposition of the metal films and 

nanostructures, as well as the emerging applications of the ALD derived transition metal 

nanostructures. The challenges facing the field are highlighted, and suggestions are made for 

future research directions.  
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1. Introduction 

Atomic layer deposition (ALD) is a surface-controlled technique that allows the 

deposition of ultra-thin films one atomic layer at a time. 1 ALD utilizes self-limiting surface 

reactions between gaseous phase chemical precursors and chemically active sites on a substrate 

surface, enabling precise control over the film thickness, depending on the number of 

deposition cycles. The technique is also highly conformal, enabling deposition in highly 

confined spaces with ultra-high aspect ratio higher than 2000:1.2-3 Consequently, ALD has 

recently attracted attention for the development of highly controlled nanostructures not only in 

the microelectronic field but also in sensing4 photovoltaics,5 membranes6 and catalysis 

applications.7-10. 

The advancement in the ALD of metals has been driven primarily by the increased 

demand for miniaturized and hence more portable and energy-efficient devices in the electronic 

industry.11-12 Copper, for example, is used as the primary interconnect material in the integrated 

circuits and is applied through electroplating on trenches and vias across the surface of 

insulating substrates.13 The electroplating requires a thin and uniform seed layer, which is 

typically deposited using Physical Vapor Deposition (PVD). However, as the trenches and vias 

shrink in size, the high level of film conformity required is not achievable by PVD, due to 

limited diffusion capability of the vaporized film precursors across high aspect ratio 

materials.14 In contrast, ALD may offer deposition of thin and highly conformal films across 

ultra-high aspect ratio nano-features, making it a promising alternative technique for metallic 

films deposition.  

The ability to control material properties at an atomic scale, has also made ALD 

extremely promising for the design of nanoscale catalysts by addressing the challenges related 

to poor catalytic efficiency, limited reaction/product selectivity and catalyst deactivation.7 
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Nano-structured catalysts, for example, exhibit higher specific surface area and enhanced 

charge transfer kinetics leading to higher overall catalytic efficiency compared to their bulk 

counterparts.7 The potential for ALD in facilitating the design of such metallic nanostructures 

has been demonstrated by using either specific templates or through selective area 

deposition.15-17  

Furthermore, ALD can create sub-nanometer catalytic particles across substrates in a 

highly discrete manner,18-20 which, in turn leads to a higher density of active sites compared to 

catalysts prepared using other conventional techniques, hence offering higher catalytic 

activity.19 For successful deposition of such nanoparticles, the density of active site across the 

substrate should be relatively low and discretely spaced across the substrate, to allow for 

sufficient spacing between the individual seeding site. A high density of active sites will likely 

lead to intergrowth between the individual particles, ultimately leading to a continuous film. 

The potential for ALD in the deposition of single-atom catalyst has also been demonstrated, 

enabling 100% of the catalyst atoms to be located on the surface of the material, significantly 

boosting the number of active sites.21-23 Such catalysts were shown to be highly selective 

towards particular reactions, compared to their particles counterpart, due to the absence of 

geometric and micro-structural defects, such as kinks and steps, typically present across 

nanoparticles. 22, 24 The highly discrete nature of ALD and the controlled spacing of deposited 

catalyst particles allows for high temperature catalytic reactions without inducing detrimental 

sintering of close-by particles.7 ALD can also be used to apply an ultra-thin secondary layer on 

the surface not only to stabilize the catalyst, but also to tune the catalytic activity and selectivity 

towards a given reaction.7, 25-26  

Although the ALD of metal oxides has been thoroughly investigated, the deposition of 

pure metals, particularly the transition metals, has grown at a very slow pace, hindering many 

potential applications.13 The primary limitation has been the lack of sufficiently reactive metal 
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precursors that can react efficiently with common reducing agents.13, 27 The ability to deposit a 

pure metal is related to the reduction potential, where a metal with a high reduction potential 

will have a lower energy barrier for deposition, while a metal with a lower reduction potential 

is more difficult to deposit in it’s pure form.13, 27 Consequently, noble metals such as Pt, Pd and 

Ru are relatively easier to deposit, due to their higher reduction potentials (1.19, 0.92 and 0.60 

V, respectively), compared to transition metals, such as Cu, Ni, Co, and Fe , which have lower 

reduction potentials of 0.34, -0.25, -0.28 and -0.44 V, respectively. 27 A further challenge is the 

limited availability of precursors, combining high reactivity with sufficient thermal stability, 

to support self-limiting reactions at ALD temperatures.13 The ALD of noble metals has been 

previously reviewed by several authors, 27-29 while the precursor chemistry and reaction 

mechanisms for the ALD of pure transition metals were reviewed by Knisley et al.13 and Ramos 

et al.27. A general review in the application of ALD in the design of metals and metal oxide 

catalysts has also been previously published.30  

This paper reviews the latest developments in the ALD of pure transition metals and 

alloys, for electronic and catalytic applications. In particular, the article differs from the 

aforementioned reviews, by conducting an in-depth analysis on how various parameters 

including substrate surface chemistry, deposition temperatures, precursor and co-reactant 

properties influence the deposition efficiency, as well as the key film properties, such as the 

continuity, roughness, purity and electrical conductivity. The review also highlights the 

emerging techniques for the fabrication of nanostructures such as templated and selective area 

ALD, and discusses the catalytic applications of ALD derived pure transition metal 

nanostructures. The current challenge hindering the advancement of the field are subsequently 

identified and the directions for future research are suggested. 
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2. Factors governing atomic layer deposition 

The first step in ALD involves pulsing vapour of a metal precursor into the reaction 

chamber, where it adsorbs on the substrates and reacts with functional groups across the surface 

(Scheme 1).1, 8 The first step relies on the reactivity of the precursor towards the functional 

groups available on the substrate surface, and it is critical to tune the surface chemistry to match 

a specific precursor.13, 31-32 The excess precursor and the reaction by-products are subsequently 

purged with an inert gas, after which a co-reactant is pulsed into the chamber, to react with the 

terminal functional groups of the first precursor layer, while also introducing active sites for 

subsequent reactions. This step is again followed by a purge to remove excess co-reactants and 

by-products, after which the sequence can be repeated to obtain the desired thickness.8  

The reliance of film nucleation on the substrate surface chemistry, makes it possible to 

selectively grow nanostructures by patterning the surface with functional groups that aid film 

nucleation, while deactivating other sites with passivating molecules such as the self-assembled 

monolayers.33-34 In addition to the nature of surface chemistry, the surface energy of the 

substrate also has a big impact on film nucleation across the support. Metals that have a higher 

surface energy, such as Pt (surface energy 2.5 J/m2) nucleate poorly on substrates that have a 

lower surface energy such as alumina (0.905 J/m2) and silica (0.605 J/m2)35 leading to an ‘island 

growth mode’ and high surface roughness.36-37 Using a substrate that has higher surface energy 

relative to the metal being deposited, on the other hand, can improve wettability, leading to a 

more homogenous film nucleation. 

ALD can be classified into thermal atomic layer deposition and plasma enhanced 

atomic layer deposition (PEALD), also known as plasma-assisted atomic layer deposition (PA-

ALD). Thermal ALD takes place at relatively higher temperatures, and it is important to 

establish the optimal deposition temperature range for each precursors, also known as ‘ALD 
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temperature window’ where the chemicals react in a self-limiting manner. Above the 

temperature window, the precursors start to decompose leading to the non-self-limiting 

chemical vapour deposition (CVD). The higher temperature may also lead to the desorption of 

precursors from the substrate surface, leading to a decrease in the deposition rate.38  The metal 

precursor should also have higher vapour pressure to allow pulsing into the reactor at relatively 

lower precursor temperature, and have higher reactivity towards common reducing agents.13 

However, for some metals (e.g. Co), there are very limited precursors that meet these 

conditions, making thermal ALD ineffective. PEALD, can facilitate the deposition from such 

precursors, by employing plasma technology to convert elemental co-reactants into highly 

reactive radicals.11 In addition, reactive ions and photons are generated during the process,39 

facilitating deposition from less reactive precursors, thus broadening the scope of materials that 

could be deposited through ALD. However, compared to thermal ALD, PEALD has limited 

conformity due to the short lifetime of the radicals, hindering conformal deposition in high 

aspect ratio structures38 The use of plasma may also results in an increased level of impurities 

across metallic films, compromising their electrical properties, and may be destructive to some 

substrates. 11, 13 
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3. ALD of pure transition metals 

This section discusses the ALD of pure transition metals including Cu, Ni, Co and their 

alloys, by analyzing how different factors such as the substrate surface chemistry, deposition 

conditions, precursor and co-reactant properties, influence the final film properties.  

 

 3.1. ALD of Cu metal 

Among other transition metals, copper is the most investigated for ALD, owing to its 

high electrical conductivity, making it useful for a wide range of electronic applications. 12-13, 

27 Cu based catalysts are also widely used in industrially important catalytic reactions such as 

water gas shift reactions and methanol production, from the synthesis gas, and methanol steam 

reforming to produce hydrogen.19, 40-41 Reaction selectivity towards a given product is governed 

not only by the composition but also the shape and morphology of the catalyst.42 Kink and step 

sites, for example, have been shown to have higher selectivity towards hydrogenolysis 

reactions,43 while nanoneedle shaped structures have been shown to exhibit higher activity 

towards CO2 conversion, compared to other nanostructures, owing to their ability to generate 

localized electric field.44 Therefore, the ability to control the composition and the 

nanostructural morphology at an atomic scale will enable highly selective catalyst for specific 

applications.7 One challenge that hinders the application of nano-catalysts in high temperature 

catalytic reactions is the loss of activity due to sintering.7 ALD enables discrete formation and 

deposition of Cu nano-catalysts across complex substrate architectures, enabling exposure to 

high temperature conditions without the loss of activity due to sintering.7, 19 Although such 

nanostructures are also prone to deactivation via carbon poisoning, ALD could allow for the 

selective deposition of a secondary layer on the catalyst surface prior to the reaction, to suppress 

the carbon poisoning.45 
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3.1.1. Thermal ALD of Cu metal 

Cu deposition by ALD can be achieved either indirectly by the ALD of CuO followed 

by reduction using formic acid or isopropanol,13 or by direct deposition from appropriate Cu 

precursors and a reducing agent.46 Direct deposition of Cu has been accomplished from a wide 

variety of Cu precursors including Cu(tmhd)2 (4, tmhd =2,2,6,6-tetramethyl-3,5-

heptanedionate), copper acetamidinates, copper chloride (CuCl2), copper (II) 

hexafloroacetylacetonate hydrate (Cu(hfac)2), Cu(I) β-diketiminate, copper dimethyl-2-

propoxide (Cu(dmap)2).
47-48 A copper acetamidinate precursor, for example, was prepared by 

a reaction between lithium N,N’-dialkylacetamidinate with copper chloride, and used for the 

deposition of Cu films at 280 oC, using molecular hydrogen as the reducing agent (Table 1, 

entry 1).49 The deposition rate for Cu was found to be 0.5 Å/cycle, and the films were highly 

conformal, enabling highly continuous film in confined features with aspect ratios of 10:1. 

However, the films had a relatively high roughness of 6 nm for a 40 nm film thickness, which 

was attributed to low nucleation density across the SiO2 substrate. Switching to ALD deposited 

Co substrate, resulted in an enhanced nucleation density, leading to a decrease in roughness 

from 6 to 2 nm. However, the electrical resistivity and the purity of the Cu films were not 

reported.  

 The deposition of Cu films from copper (I) amidinate precursors with the molecular 

hydrogen as the co-reactant was also reported (Table 1 entry 2-7).31 The Cu precursor exhibits 

a melting point of 77 oC and was in a liquid state at the vaporization temperature of 90 – 120 

oC. This state enabled a reproducible vapour pressure, leading to consistent film deposition 

even across very narrow holes with aspect ratio of 35:1. The study investigated deposition at 

temperatures ranging from 150 to 300 oC, where the film roughness was found to be dependent 

upon the nature of the substrate, precursor exposure time as well as deposition temperature. A 

relatively higher deposition rate ranging between 1.5 to 2 Å/cycle was found across SiO2, Al2O3 
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and Si3N4, compared to the metallic substrates Ru, Co and Cu, which had lower deposition 

rates of 0.16, 0.28, and 0.15 Å/cycle, respectively (Table 1, entry 2 -7). However, the film 

deposited on SiO2 had the highest roughness with large grain sizes of about 44 nm, which were 

separated from each other, while the film deposited on ALD Co surface had the smallest grain 

size and the most dense nucleation levels. The higher growth rate on the oxide surfaces was 

attributed to the rapid diffusion and agglomeration of copper and chemisorbed Cu precursors 

across the substrate surface to form large nuclei, and thereby freeing up additional active sites 

on the substrate to react with more Cu precursors. However, on metallic surfaces, the strong 

metallic bond between the deposited Cu and the metal substrate inhibited diffusion, which 

slowed the deposition rate since the active sites across the substrate were blocked by the 

deposited Cu film. This observation was supported by a scotch tape test, where films deposited 

on the oxide surface easily peeled off, while the one deposited on the metallic surface remained 

strongly adhered. 

  An increase in the precursors exposure time was found to result in an increased surface 

roughness, with Cu grain size increasing from 44 to 69 nm when the precursor exposure time 

was increased from 1 to 4 s.31 Increasing the temperature was also shown to have a similar 

impact, with the roughness increasing from 29.4% at 150 oC, to 448.9% at 280 oC, relative to 

the film thickness. Rutherford Backscattering Spectroscopy (RBS) analysis found the films 

deposited at 190 oC, exhibited carbon impurities of 1 at.%, while films deposited at 

temperatures above 300 oC, had carbon impurities higher than 10 at.%, owing to thermal 

decomposition of the Cu precursor, implying the temperature was outside the ALD window. A 

4 nm thick Cu film deposited on 2 nm Ru substrate at 185 oC had a resistivity of 2.9 µΩ-cm, 

which is close to that of bulk copper (1.68 µΩcm). The low resistivity was attributed to high 

purity, as well as the high density nucleation which led to smooth film morphology, thus 

reducing electron scattering. 
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A low temperature deposition process was also developed using Cu (dmap)2 (dmap = 

3-dimethylamino-2-butoxide) metal precursor and diethyl zinc (Et2Zn) as the reducing agent 

(Table 1, entry 8).15 During the first cycle, the Cu(dmap)2 monolayer was adsorbed on the SiO2 

substrate through dipole-dipole interactions at temperature between 100 - 120 oC. The reaction 

between the Cu(dmap)2 monolayer and Et2Zn during the second cycle, led to the formation of 

Cu film with Zn(dmap)2 and butane as the by-products. The self-limiting nature of the reaction 

was confirmed by varying the pulse time of the metal precursor from 0.5 to 10 s, where the 

film thickness was found to be saturated when the dose for Cu(dmap)2 exceeded 2 s. In the case 

of Et2Zn, the growth rate plateaued when pulse time exceeded 0.5 s. The growth of the Cu film 

was found to be linear in respect to the number of deposition cycles, with a growth rate of 0.2 

Å/cycle. X-ray Photoelectron Spectroscopy (XPS) analysis confirmed that the films deposited 

between 100 – 120 oC were pure copper metal based on Cu(2p) and Cu(LMM) (LMM = 

transition between inner shells L and M). However, when the temperature was increased to 130 

oC, Zn peaks were detected, with intensity increasing as the deposition temperature was 

increased, implying the decomposition of Zn(dmap)2 and Et2Zn at temperature above 120 oC. 

Zn contamination was also found in films deposited at temperatures below 100 oC in addition 

to a decreased deposition rate, which could imply incomplete evaporation of the Zn(dmap)2 

by-products. The films exhibited a low electrical resistivity of 2.75 µΩcm, which is an 

indication of high quality Cu films. 

Selective deposition was also demonstrated by using octadecylsiloxane self-assembled 

monolayers (OTS-SAMs), applied using a master mould containing 3.1 µm wide lines 

separated by 2.7 µm spaces (Figure 1 a). ALD across the patterned surface resulted in 

deposition only in the areas not covered with OTS-SAMs, resulting in the production of high 

purity Cu lines matching the dimensions of the mould (Figure 1 b). The exposed Si sections 

exhibited polar silanol groups, which interacted favourably with the ALD precursors thus 
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promoting adsorption of the metal site. OTS-SAMs coated regions, on the other hand, are non-

polar, which limits the interaction with the ALD precursors. 

The potential for high selectivity ALD for the fabrication of complex nanostructures 

was also demonstrated, by using a nanoporous polycarbonate membrane as a template during 

the ALD. The PC membrane exhibited narrow pore size distributions at around 150 nm and the 

surface was passivated with OTS-SAMs, to allow deposition only within the surface of the 

pores and not across the outer surfaces of the membrane. The deposition resulted in the 

formation of Cu nanotubes with wall thickness of 18 nm and length of 12 µm (Figure 1 c, d), 

post dissolution of the polymer template with chloroform. The length of the nanotubes 

corresponded to the templates thickness, confirming the excellent conformity of the deposition 

process.  

In separate studies, the selective deposition of Cu across Pd nanostructures was also 

demonstrated (Table 1, entry 9). 17 The Pd nanostructures were fabricated using electron beam 

lithography on oxidised Si substrate, and exhibited a size ranging between 250 nm and 5 µm. 

The ALD was carried from Cu(thd)2 with H2 as the reducing agent, where the optimal 

deposition temperature was found to be between 210 - 250 oC. The deposition at 210 oC 

produced Cu films selectively across the Pd nanostructures, with a film thickness greater than 

55 nm obtained after 1,500 cycles, corresponding to deposition rate of about 0.37 Å/cycle. 

After 1,000 cycles, the large micron-sized patterns became larger, with an increased roughness 

on the edges, but the overall triangular shape remained the same. However, for smaller 

triangular patterns, with size of 250 nm base and height, the initial smooth pattern became 

lumpy and uneven, while the sharp defined edges became rounded, distorting the original 

triangular shape. The loss of the conformity was attributed to the evolution of grain structure 

during the nucleation, where surface diffusion led to the growth of grains, with size 

approaching that of the nanostructures. Although the deposition at lower temperature would be 
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expected to improve the conformity by suppressing surface diffusion, the deposition rate was 

too low, with no continuous film obtained at temperatures below 190 oC.  

A three-sequence Cu deposition method involving Cu (dmap)2, formic acid and 

hydrazine has also been developed.47 The initial step involved reacting the Cu precursor with 

formic acid, to form copper (II) formate, which was subsequently reduced to copper film after 

the exposure to hydrazine (Table 1, entry 10). The deposition was carried out at 120 oC on a Si 

substrate, and the impact of each precursor on the film growth rate was investigated by varying 

the number of cycles and the length of each precursor pulse. The impact of deposition 

temperature was investigated at pulse lengths of 3.0, 0.2, and 0.2 s for the Cu precursor, formic 

acid and hydrazine respectively, with a purge length of 5.0 s and 1000 deposition cycles. The 

study revealed a constant deposition rate of 0.47 to 0.50 Å/cycle at temperatures between 100 

to 170 oC, while lower deposition rates were observed at 80, 180 and 200 oC. The films 

exhibited low roughness, with 50 nm thick film exhibiting root mean square (RMS) surface 

roughness of 3.5 nm. Films deposited at 100, 120 and 140 oC exhibited a resistivity in the range 

of 9.6 – 16.4 µΩcm at 20 oC, which was comparable to that of 40 – 50 nm thick Cu films 

obtained via sputtering (resistivity of 6-8 µΩcm). Based on time of flight elastic recoil detection 

analysis (ToF-ERDA), the Cu purity ranged from 95.9-98.8%, with the films deposited at 100 

oC, having the highest purity, while those deposited at 180 oC had the lowest purity owing to 

the self-decomposition of the precursors at higher temperature.  

In a separate study, the of use of tertiary butyl hydrazine (TBH) as the reducing agent, 

facilitated the deposition of Cu films from the Cu(dmap)2, without the need of the formic acid 

(Table 1, entry 11).10 The self-limiting nature of the process was demonstrated at 120 oC, where 

a growth rate of 0.17 Å was detected within the first 125 – 1,000 cycles. However, after the 

surface had been completely covered by the film, the rate of deposition reduced to 0.05 Å/cycle. 

Compositional analysis using time of ToF-ERDA revealed a 54 nm films had high purity of 
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99.4 at.%, which translated to a low electrical resistivity of 1.9 µΩcm, among the lowest 

reported so far for Cu ALD films. The films could be deposited on hydrogen terminated Si, 

glass, alumina, TiN as well as Ru substrates. 

The deposition of Cu films from copper acetyl acetonate (Cu(acac)2), water and 

hydroquinone (HQ) has also been demonstrated, at temperatures ranging from 160 to 250 oC 

(Table 1, entry 12).12 The deposition consisted of the following pulse time sequence; 3 s 

Cu(acac)2, 4 s N2, 3 s H2O, 4 s N2, 2 s HQ, and 3 s N2. The ALD window was found to be 

between 210 to 250 oC, where exposure times of 3 and 4 s were long enough for self-saturating 

surface reactions, enabling constant deposition rate of 2 Å/cycle, which is higher than most of 

the previously reported ALDs of Cu films. In the first stage the Cu(acac)2 reacts with H2O to 

form Cu2O. During the second stage, the HQ is oxidized on the surface to benzoquinone, 

producing H2 that can reduce the copper oxide to metallic copper. However, based on 

simulation studies Cu(acac)2 may also undergo successive dissociation on copper surface to 

form pure copper,50 which could also have contributed to the higher deposition rate. The films 

had resistivity of 2 - 5 µΩcm, which was close to that of bulk copper. 

The ability to form templated metal nanostructures offers tremendous potential in 

catalysis, as it could be employed to develop highly controlled nanostructure for optimal 

catalytic activity and selectivity.9, 33 In the semiconductor industry, selective ALD has potential 

to reduce the cost of production by reducing lithography and etching steps as well as 

eliminating the need for expensive reagents. 17, 34, 51 Thermal ALD of Cu has been accomplished 

from various precursors at temperatures ranging from 100 to 300 oC. Copper dimethyl-2-

propoxide (Cu(dmap)2) precursor with diethylzinc (Et2Zn) co-reactant afforded deposition at 

the lowest temperature of 100 to 120 oC, to achieve films with a resistivity of 2.75 µΩcm. The 

highest purity was achieved with Cu(DMAP)2 combined with TBH, where a purity of              

99.4 at.% was achieved,  leading to low resistivity of 1.9 µΩcm. This is among the lowest 
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resistivity reported to date for Cu ALD, making the precursors promising for the deposition Cu 

interconnects on the integrated circuit.  

 

  3.1.2. Plasma enhanced ALD of Cu metal 

Using plasma generated radicals instead of elemental reactants can enhance the ALD 

of metals, from otherwise unreactive precursors. Radical enhanced atomic layer deposition, for 

example, was used to facilitate the deposition of Cu on silicon and glass substrates, from 

Cu(acac)2 with hydrogen radicals as the co-reactant, (Table 1 entry 13).52 The self-limiting 

nature of the process was observed at 140 oC, where a constant growth rate of 0.18 Å/cycle 

was observed. The Cu films with a thickness of 25 nm had roughness in the range of 2 to 3 nm, 

with a resistivity of around 15 µΩcm. The higher resistivity was attributed to the fact that the 

film thickness was less than the mean-free path for electrons in copper (39 nm), leading to the 

scattering of electrons at the interface.  

Plasma enhanced atomic layer deposition (PEALD) of Cu on tantalum (Ta) substrates 

has also been demonstrated from Bis(1-dimethylamino-2-methyl-2-butoxy)copper(MABOC) 

precursor with hydrogen plasma (Table 1, entry 14).53 The Cu precursor is a liquid at room 

temperature, and could be introduced into the reaction chamber under its own vapour pressure, 

without the need of a carrier gas. The ALD temperature window was found between 100 to 

180 oC, where a constant deposition rate of 0.65 Å/cycle was observed. The roughness was 

found to increase with the deposition temperature, where film deposited at 100 oC had a 

roughness of 1.59 nm, while films deposited at 150 and 180 oC had roughness of 2.25 and 2.65 

nm, respectively. Films deposited at 150 oC had the lowest resistivity of 5.2 µΩcm, while films 

deposited at lower temperature had a relatively higher resistivity, with films deposited at 100 

oC having a resistivity of around 7 µΩcm, owing to increased level of impurities. Above 150 
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oC, the resistivity dramatically increased to about 13 µΩcm for the film deposited at 200 oC, 

due to increased surface roughness and film discontinuity. 

Plasma enhanced deposition of Cu from [Cu((Py)CHCOCF3)2]2 (Py = Pyridine) with 

hydrogen plasma was also reported (Table 1, entry 15).54 The deposition was carried out at 190 

oC, where a thickness of 80 - 100 nm was achieved after 500 cycles. The films deposited on 

quartz glass substrate (substrate RMS ~ 1 nm) had RMS roughness of 8.7 nm whereas that 

deposited on alumina (substrate RMS ~ 114.9 nm) had RMS value of 125.9 nm. XPS analysis 

detected up to 16 at.% oxygen impurities, in addition to minor carbon, nitrogen and fluorine 

impurities from ligand. Upon exposing the film to argon etching for 100 s, the C, N and F 

impurities were removed, but up to 9 at.% of O2 impurities remained. The high content of 

oxygen impurities was attributed to the decomposition mechanism of the precursor, where part 

of oxygen might have remained bonded to the copper nuclei, which might be an indication of 

chemical vapour deposition. The films had a sheet resistance of 58 Ω/sq and 222 Ω/sq for films 

deposited on quartz and alumina respectively.  

PEALD facilitates deposition from precursors that are not sufficiently reactive for 

thermal ALD, thus broadening the scope of the available precursors for atomic layer deposition. 

However, PEALD also leads to an increased level of impurities, due to plasma initiated 

precursor degradation, compromising the electrical properties of the metallic films. As 

summarized in Table 1, all Cu films deposited via PEALD exhibited higher resistivity 

compared to those deposited via thermal Cu ALD, owing to the higher level of impurities. In 

addition, some substrates may also be vulnerable to plasma destruction, limiting the number of 

substrates that can be used in the PEALD. 
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3.2. ALD of Ni metal 

Similar to copper, nickel films have important electronic applications including 

magnetic random access memory, NiSi contact material, and metal insulators,55-56 in addition 

to catalytic applications such as CO2 conversion,57, hydrogen evolution58 and hydrogenolysis.43  

 

3.2.1. Thermal ALD of Ni metal 

Pure Ni films can be deposited directly from suitable precursors 13, 49 or indirectly, 

where NiO is first deposited by ALD, followed by the reduction with H2 to form pure 

metal.59,60,61 The indirect deposition of Ni films, for example, was demonstrated by first 

reacting bis(cyclopentadienyl)-nickel (Ni(C5H5)2) with water at 165 oC to form NiO, which 

was subsequently reduced using H2 plasma to form Ni metal.61 The direct deposition of Ni 

films from Bis-Ni(II) with H2 as the reducing agent, has been demonstrated at temperatures 

ranging between 200 to 300 oC (Table 1, entry 17).62 The ALD window was found to be 200 - 

250 oC, where the film deposition was found to be linearly dependent on the number of 

deposition cycle at 1.25 Å/cycle. At temperatures higher than 250 oC, the deposition rate 

increased with temperature, due to chemical vapour deposition (CVD). The films deposited at 

220 oC had a resistance of 18.6 Ω/sq, which was comparable to resistance of films obtained by 

the conventional physical vapour deposition (PVD). However, a dramatic increase in the 

resistance was observed as deposition temperature was increased above 250 oC, owing to the 

degradation of surface morphology, as evidenced by AFM analysis, where surface roughness 

was found to increase with deposition temperature.  

The ability to tailor the properties of Ni films deposited from nickel acetylacetonate 

(Ni(acac)2, by changing the chain length of alcohol reducing agents was also demonstrated 

(Table 1, entry 18).63 The deposition was carried at temperature range between 250 - 300 oC, 
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where the use of either ethanol or propanol as the reducing agent produced Ni3C while the use 

of methanol produced Ni films with purity above 95 at.%, and carbon contamination of less 

than 5 at.%, located primarily on the surface. The metallic film with thickness between 15 - 60 

nm, had resistivity of about 27 µΩ.cm, which was relatively higher compared that of bulk Ni 

(6.93 µΩcm). 56 A self-limiting growth was reached for Ni(acac)2 pulse time of 2 s, where a 

constant deposition growth rate of about 0.065 Å/cycle was observed. Deposition at 300 oC 

produced the thermally stable cubic lattice structure, while lower temperature produced the 

metastable hexagonal structure. 

A highly conformal and selective deposition of Ni films on Si and SiO2 substrates, was 

also demonstrated from bis(dimethylamino-2-methyl-2-butoxo)nickel [Ni(dmamb)2] metal 

precursor with NH3 co-reactant (Table 1, entry 19).64 The deposition was carried out at 300 oC, 

where a self-limiting growth rate of 0.64 Å/cycle was found at exposure time of >2 s. The films 

were of high quality with only small amount of oxygen and negligible amount of N and C 

impurities present, and with a resistivity of 25 µΩcm. The film deposition was also highly 

conformal, enabling deposition via holes having an aspect ratio of 5:1. This high conformity 

enabled the deposition of a uniform Ni film (20 nm thick) around Si nanowires, to form a Ni-

Si core shell nanowire structures. Furthermore, selective deposition was demonstrated using an 

octadecyltrichlorosilane (OTS) self-assembled monolayer as the blocking layer. The OTS line 

patterns were applied on the substrate using photolithography, and consisted of 9 µm OTS 

coated regions and 3 µm uncoated regions. The Ni film only deposited on the OTS free regions, 

leading to the deposition of Ni line patterns with 3 µm width, separated by a distance of 9 µm, 

indicating a highly selective Ni film deposition. 

The deposition of Ni films from bis(1,4-di-tert-butyl-1,3-diazadienyl)nickel with tert-

butylamine co-reactant, on metal as well as on insulating substrates has also been investigated 

(Table 1, entry 20 – 21).56 The deposition was investigated at temperature ranging between 160 
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to 220 oC, where the ALD window was found between 180 and 195 oC. The deposition rate for 

Ni deposition on Pt substrate at 180 oC was found to be 0.60 Å/cycle, and the resultant film 

had Ni purity higher than 97 %. The films also had low RMS values of < 2.5 %, for films with 

thickness of 18 nm and 60 nm. The deposition rate was different on Ru substrate, where no 

deposition was found within the first 150 cycles, after which a deposition rate of 0.12 Å/cycle 

was noted between 150 to 250 cycles. This increased to 0.18 Å/cycle at 500 cycles and to 0.44 

Å/cycle at 1,000 cycles. The resistivity of a 60 nm thick film on Pt substrate was found to be 

22.1 µΩcm, while that of 44 nm thick film on Ru substrate was found to be 30.6 µΩcm. For 

comparison, the resistivity for a reference nickel metal was 6.93 µΩcm. Generally, thinner 

films were found to have an increased resistance due to the intermixing between the substrates 

and the Ni layers. However, a continuous films could not be obtained on Cu substrate, while 

the attempt to deposit on insulating substrates (Si (100), SiO2, Si-H and carbon doped oxides 

did not yield any films after 1,000 cycles, indicating selectivity towards the Pt and Ru metal 

substrates. 

A high growth per cycle deposition process, has also been demonstrated, from 

N,N,N’,N-tetramethyl-ethylenediamine) (bis(2,4-pentanedionato)) nickel II 

(Ni(acac)2(tmeda)) precursor, with anhydrous hydrazine (N2H4) as the co-reactant (Table 1, 

entry 22).55 The electron-rich metal precursor was developed by the modification of Ni(acac)2 

with N,N,N’,N’-tetramethyl-ethylenediamine (tmeda). The deposition was carried out on 

SiO2/Si(100) substrates, at temperature ranging between 220 to 300 oC, where the ALD 

window was found to be between 240 and 280 oC. The self-limiting nature of the process was 

demonstrated at 260 oC, where a constant deposition rate of 2.1 Å/cycle was achieved, 

demonstrating the highest Ni deposition rate/cycle reported to date. Control deposition 

experiments using the Ni precursor without the reducing agent at temperatures between 260 - 

280 oC, found no film deposition, ruling out CVD driven deposition at this temperature range. 
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The Ni films were found to have an electrical resistivity of between 18.1 to 19.4 µΩcm, with 

the films deposited at 260 oC, having Ni purity of 95.1 at%, based on XPS analysis with the 

rest being C, N and O impurities. The films were also found to be smooth, with RMS roughness 

of 0.65 nm.  

Among the various precursors for thermal ALD of Ni, the (Ni(acac)2(tmeda) precursor 

with hydrazine (N2H4) co-reactant appear to be the most promising, producing the highest 

reported deposition rate of 2.1 Å/cycle, and the lowest resistivity of 18.1 - 19.4 µΩcm (Table 

1). However, this resistivity is almost three times higher than that of bulk Ni (6.93 µΩcm).56 

In addition, it appears more challenging to achieve high purity Ni ALD films as compared to 

copper, with the highest reported Ni film purity of 97% and most authors reporting purity below 

95% (Table 1).  This low purity explain the generally higher resistivity compared to the bulk 

Ni, and may be attributed to the lower reduction potential of Ni compared to Cu,65 making it 

challenging to reduce Ni to its purest form. 

 

3.2.2. Plasma enhanced ALD of Ni metal  

The efficiency of hydrogen and NH3 plasma in the deposition of Ni on Si substrates, 

using bis(dimethylamino-2-methyl-2-butoxo)nickel [Ni(dmamb)2] precursor was investigated 

(Table 1, entry 23 - 24).66 The study revealed a constant deposition rate of 2.0 and 0.8 Å/cycle 

for the NH3 (APNi) and H2 plasma (HPNi) enhanced films respectively, at 250 oC. However, 

at temperatures below 200 oC, the deposition rate using either of the plasma was the same at 

around 0.5 Å/cycle. XPS revealed a higher quantity of C impurities in HPNi compared to APNi, 

which resulted in higher a resistivity of 75 µΩcm compared to the 43 µΩcm obtained for the 

APNi.  
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The plasma enhanced deposition of 1D and 2D Ni nanostructures on highly ordered 

pyrolytic graphene (HOPG) substrates has also been demonstrated (Table 1, entry 25).16 The 

study was carried out at 300 oC using Ni(dmamb)2 metal precursor, with NH3 gas or plasma. 

1D nanowires were formed when NH3 was used as the co-reactant, while the use of NH3 plasma 

produced a continuous 2D film across the graphene surface. Within the first 100 cycles of 

deposition with the NH3 gas co-reactant, the edges of the HOPG became decorated with Ni 

nanoparticles as shown in Figure 2 a. As the deposition continued, the particles became 

interconnected, leading to the formation of nanowire shaped structures.  

The selective formation of nanowires across the edges of the HOPG was attributed to 

the higher reactivity of the edges compared to the basal planes. During the initial 200 cycles, 

the width of the nanowires grew at 2.07Å/cycle, but later decreased to 0.79 Å/cycle after the 

200 cycles. This variation was attributed to the change in wettability on the HOPG, where 

wettability decreases as the deposition proceeds. The use of NH3 plasma as the reactant, 

however, resulted in the formation of a continuous film across the HOPG, due to the higher 

reactivity of the NH3 plasma which activated the basal planes of the HOPG, enabling uniform 

deposition across the surface. 

Similar to Cu PEALD, higher resistivity values are observed in Ni PEALD as compared 

to thermal Ni film, with the resistivity ranging from 43 to 75 µΩcm, (Table 1). In addition to 

precursors, the type of plasma gas also plays critical role in the film deposition. For example, 

using NH3 plasma instead of H2 was shown to enhance the deposition rate by more than double 

from Ni(dmamb)2 metal precursor, while also producing film with comparatively lower 

resistivity (Table 1 entry 23 – 24).66 The higher deposition rate was attributed to the generation 

of NHx radicals which can participate in the ALD reactions to increase the deposition rate. 
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3.3. ALD of Co metal 

Owing to its ferromagnetic properties, Co has a wide range of electronic applications 

including magnetic storage, magnetic field sensing and bio sensing.67 However, it is relatively 

challenging to deposit pure Co compared to Cu and Ni because of its lower reduction potential, 

and most studies have employed PEALD for its deposition. 

 3.3.1. Thermal ALD of Co metal 

The first ALD of Co was accomplished using cobalt bis(N,N’-

diisopropylacetamidinate, with hydrogen gas as the reducing agent.38 The deposition was 

carried out at 350 oC, where a deposition rate of 0.12 Å/cycle was observed. The Co was found 

to be highly conformal, enabling deposition on holes with high aspect ratio of up to 220:1. The 

Co films were found to be relatively smooth with an RMS roughness of 0.8 nm for a 15 nm 

thick film, while a 40 nm thick film was found to have a resistivity of 46 µΩcm. Although the 

film purity was not quantified, even very thin Co film with thickness of 0.8 nm were found to 

be electrically conductive, confirming a high quality metallic film.  

A process for the deposition of Co from cobalt acetylacetonate (Co(C5H7O2)2 , with 

hydrogen and silane as reducing agents was also developed (Table 1, entry 27 - 28). 68 The 

study investigated growth on a wide variety of substrates including, Ir, Ta, SiO2, Si and 

fluorinated silica glass. While using H2 as the reducing agent, Co deposition only occurred on 

Ir substrate, with no film growth observed on Ta, SiO2 and Si substrates. The ALD window 

was found to be between 280 to 325 oC, where a deposition rate of 0.57 Å/cycle was observed. 

Substituting hydrogen with 0.5 % silane in argon as the reducing agent, enabled the deposition 

of Co films on Ta, SiO2, Si, as well as the fluorinated silica glass (FSG), albeit at a lower 
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deposition rate compared to the Ir surface, with a maximum deposition rate of 0.38 Å/cycle. 

However, the work did not report the resistivity, roughness and the purity of the Co films.  

 

3.3.2. Plasma enhanced ALD of Co metal  

The PEALD of Co from dicobalt octacarbonyl (Co2CO)8) with hydrogen plasma was 

also investigated (Table 1, entry 29).69 The study found the ALD window to be between 75 to 

110 oC, where a constant deposition rate of 1.2 Å/cycle was recorded. However, the level of 

carbon and oxygen impurities in the films was found to be dependent upon the plasma power, 

where films deposited at plasma power of 50 W had oxygen and carbon impurities of 15 and 

22 at.%, respectively, while films deposited at 300 W had oxygen and carbon contents of 2 and 

15 at.% respectively. The higher level of impurities at a lower plasma power was attributed to 

incomplete decomposition of the Co-CO bonds, leaving residual precursors across the films. 

In a subsequent study, the team demonstrated that the higher level of impurities could be 

significantly reduced, by switching the metal precursor to cyclopentadienylcobalt dicarbonyl 

[(CpCo(CO)2] (Table 1, entry 30).70 

NH3 plasma enhanced Co deposition was also demonstrated from cyclopentadienyl 

isopropyl acetamidinato-cobalt precursor, on SiO2 and Si (001) substrates (Table 1, entry 31). 

67 The deposition was carried out between 100 to 300 oC, where ALD window was found 

between 200 to 250 oC, with a deposition rate of 0.5 Å/cycle at 250 oC. However, XPS analysis 

found a high level of oxygen across the film, with up to 40 at.% on the surface, and around 10 

at.% inside the Co film, which led to a relatively higher resistivity of 140 µΩcm.  

The initial growth mechanism of Co films on Si substrates has also been investigated, 

using CoCp2 precursor with NH3 plasma at 300 oC (Table 1, entry 32).71 The study found that 

the thickness of the film did not increase linearly with time, but increased rapidly during the 
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first 100 cycles to 1.4 Å/cycle, after which it decreased to 0.38 Å/cycle between 100 - 500 

cycles. However, further investigation using synchrotron radiation X-ray reflectivity (SR-

XRR) revealed that the relative density of the films increased abruptly for the first 10 cycles, 

and then it remained virtually unchanged up to 100 cycles. The density then increased between 

100 - 500 cycles reaching a maximum of 0.7 relative to the bulk value of 8.9 g/cm3. SEM 

imaging also found that the morphology of the film deposited after the first 100 cycles were 

rough and discontinuous, while that grown after 300 and 500 cycles had a much smoother and 

more continuous morphology (Figure 3) . This variation in morphology was attributed to the 

agglomeration of Co atoms, leading to island growth of Co at the early stage. At the initial 

stage, the formation of Si-N layer was observed following the exposure of the substrate to the 

NH3 plasma during the first 10 cycles, which may inhibit Co growth on the substrate. 

Therefore, between 10 - 100 cycles, Co grew preferentially on locations that were already 

coated with Co films during the first 100 cycles, while still exposed Si-N domains exhibited 

limited or no growth, leading to the island growth mode, with apparent higher deposition rate 

but high roughness and low density across the substrate. 

The use of NH3 and H2 gases as well as their plasma in the deposition of Co from 

Co(MeCp)2 was also investigated, where only NH3 plasma was found to beeffective in 

facilitating the deposition of Co across Si and SiO2 substrates (Table 1, entry 33).72 The 

deposition was investigated at temperature range between 100 to 350 oC, where similar 

deposition rates of between 0.4 to 0.6 Å/cycle were observed at temperature between 200 - 350 

oC. However, the deposition rate increased at temperatures below 200 oC, with the highest 

deposition rate of 1.9 Å/cycle recorded at 100 oC. However, the samples prepared at lower 

temperature had a significantly higher level impurities with over 10% carbon and 5 % nitrogen 

impurities. This corresponded to an increase in electrical resistivity, with samples deposited at 

100 oC having a resistivity of 8,500 µΩcm, compared to 31 µΩcm for samples deposited at 
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350 oC. The higher deposition rate at lower temperature was therefore attributed to the 

incomplete release of the organic metal precursors, leading to an increased level of impurities, 

and high resistivity. 

Very recently, a PEALD process for the Co from bis(ethylcyclopentadienyl) cobalt 

Co(EtCp)2 with NH3 plasma has also been reported (Table 1, entry 34).73 The study found the 

ALD window to be between 125 and 225 oC, where a constant deposition of about 

0.073Å/cycle was observed, at pulse saturation times of 2 s and 20s for Co(EtCp)2 and NH3 

plasma, respectively. However, the Co films exhibited low purity, with films deposited at 175 

oC, having Co content of only 45%, even after 6 min etching to remove surface contaminants, 

with the rest being composed of 32% C, 18% N and 5% O. The higher content of C was 

attributed to the incomplete removal of the EtCp ligands, while the presence of O was attributed 

to oxygen contamination from the reaction chamber, with N contamination likely to have 

originated from NH3 plasma. All the films were found to be smooth with RMS value of 

approximately 0.3 nm, but with a high resistivity of 117 µΩcm, owing to the low purity.  

The ALD of Co has been accomplished primarily using PEALD. However, the resistivity was 

significantly high, ranging from 31 to 140 µΩcm (Table 1), compared to that of bulk Co, which 

has resistivity of 5.6 µΩcm.74 This trend is consistent across Cu and Ni films, highlighting the 

limitations of PEALD in applications where high electrical conductivity is critical. However, 

the incorporation of N and C species within the metallic materials during PEALD, could 

potentially be harnessed for catalytic applications, since such dopants are known to result in 

enhanced catalytic activity.75-76  

 

3.4. ALD of other transition metals 

The deposition of transition metals with reduction potentials lower than -0.28 V (e.g. 

Fe, Mn, Ti and Cr) has been extremely limited, since they require a very strong reducing agent 
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to form a pure metal.13, 77 As a result, ALD of most transition metals, including V, Zr, and Hf, 

has not yet been reported.  

 

3.4.1. Thermal ALD of Mo, Fe, Cr and Ti  

The deposition of molybdenum films from MoCl5 and Zn was investigated at 

temperature range between 400 - 500 oC (Table 1, entry 35).78 The MoCl5 was evaporated at 90 

oC, while Zn was evaporated at 390 oC. A deposition rate of 0.8 Å/cycle was found at 420 oC, 

but with Zn impurities of up to 2 at.%. The Zn impurities could be reduced to less than 1 at.% 

by increasing the purge time from 0.5 s to around 3 s, but the deposition rate also decreased to 

0.4 Å/cycle. The Zn impurities was also found to promote oxide impurities on the surface with 

samples prepared with a purge time of 0.5 s containing about 30 at.% in its outermost half, 

while those prepared with purge time of 3 s had a very low oxygen content, implying the 

presence of residue Zn in the film may have promoted oxidation upon exposure to air. The 

resistivity of the film was also found to be dependent upon the Zn content, with samples having 

Zn content of less than 1 at.% having the lowest resistivity of 15 µΩcm with samples having 

Zn content higher than 2 at.% having resistivity higher than 25 µΩcm. However, it was critical 

to keep Zn and MoCl2 pulse as short as possible, to limit Zn contamination on the film, as well 

as to prevent the MoCl2 precursor from etching the already deposited film. These challenges 

also made it impossible to achieve the self-limiting reactions using the precursors.  

The deposition of Fe films from iron bis(N,N’-diisopropylacetamidinate) with 

elemental hydrogen co-reactant was also reported (Table 1, entry 36).49 The deposition was 

carried out at 250 oC, where a growth rate of 0.08 Å/cycle was reported. The quality of the 

metallic film was confirmed by X-ray Photoelectron Spectroscopy (XPS) and Rutherford 

Backscattering Spectroscopy (RBS), though the actual purity of the film was not reported. The 
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Fe film exhibited the shiny metallic appearance, and were ferromagnetic, indicating the 

deposition of the metallic Fe.  

New precursors for the deposition of transition metals including, Cu, Ni, Co, Fe, Mn 

and Cr, were also prepared by reacting MCl2 with amino alkoxide salts (Table 1, entry 37).77 

The deposition of Ni, Co, Fe, Cr was carried out from M(RR’COCNtBu)2 precursor while Mn 

was deposited from [Mn(RR’COCNtBu)2]2, all with borane dimethylamine (BH3(NHMe2)) as 

the reducing agent. The study investigated deposition across a wide variety of substrates 

including Ru, Pd, Pt SiO2 and SiH. However, deposition was only accomplished on Ru 

substrate, and after applying a nucleation process, involving the deposition of 50 cycles. The 

films deposition rates per cycle were found to be 0.07 (Fe), 0.1 (Mn) 0.08 (Cr) 0.09 (Ni) and 

0.07 Å Co. A detailed study for the deposition of Cr, found ALD temperature window between 

170 and 185 oC, where a constant film deposition was found at the rate of 0.08 Å/cycle. 

However, the film thickness growth plateaued after the 1000 cycles, implying a possible 

catalytic role of Ru substrate in activating the reducing agent, which might stop after the active 

sites on the substrate are blocked by Cr. XPS analysis detected Cr 2P with binding energy 

corresponding to Cr2O3, but ion sputtering for 60 - 90 s led to the detection of Cr 2P with 

binding energy corresponding to pure Cr metal. AFM analysis confirmed films grown between 

170 - 180 oC and RMS roughness 0.37 - 0.59, indicating a smooth surface.  

The deposition of Ti films from titanium tetrachloride with 2-methyl-1,4-

bis(trimethylsilyl)-2,5-cyclohexadiene (1) or 1,4-bis(trimethylsilyl)-1,4-dihydropyrazine co-

reactant (2) has also been demonstrated (Table 1, entry 38).79The studies with 1 as the reducing 

agent found ALD window between 110 to 250 oC, where a similar growth rate of 0.06 Å/cycle 

was observed on SiO2, Si, Pt and Ru surfaces. Films deposited at 140 oC, had a relatively 

smooth surface, with an 80 nm thick film exhibiting RMS roughness of 1.3 to 4.9 nm based on 

AFM measurements. XPS analysis found a high level of oxide on the surface, without any 
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indication of pure metal, even after ion sputtering for about 50 min, confirming a high level of 

oxidation on the sample surface. Measurements taken after 30 s found the films were not 

electrically conductive, confirming a rapid oxidation upon exposure to air. Up to 2.9 - 3 % 

carbon, 0.8 - 2.2 % Si, < 0.5 % N, and 1.8-2.3 % Cl impurities were also detected across the 

film even after 50 min scattering. Deposition with 2 as the reducing agent found similar 

properties, with the films exhibiting a high level of oxide close to the surface. The films 

prepared with the 2 as the reducing agent also had a higher level of impurities with 9-16% 

carbon and 50% nitrogen respectively, implying 1, was a better reducing agent compared to 2. 

Owing to the high stability of their corresponding precursors, ALD of pure transition 

metals with low reduction potentials (below -0.28 V) has been limited.  Few potential 

precursors were demonstrated, but the deposition rates were too low ranging between 0.08 to 

0.8 Å/cycle (Table 1, entry 35 - 38), and the films had high content of impurities. Generally 

zerovalent state metal precursors have high volatility, enabling deposition under relatively mild 

conditions.80  However, most of these precursors are less stable, limiting their application at 

higher deposition temperature. As oxidation state increase, the metal – organic ligand bond 

becomes increasingly strong, making it increasingly difficult to reduce it to pure metal. As a 

result, it is much difficult to deposit pure multivalent metals such as Ta, Ti, Mo and Al, as 

compared to divalent metals such as Cu and Ni.  While the development of more stronger 

reducing agents is expected to improve the deposition of such metals, the role of substrates 

should not be underestimated. In addition to ensuring the surface chemistry of the substrate is 

right for the specific precursors, using catalytically active substrate may potentially facilitate 

the activation of the precursors and aid the pure metal deposition.77 

 

 



29 
 

3.5. Deposition of transition metal-based alloys/bimetallic structures  

Alloying is an effective strategy for altering the electronic and catalytic properties of 

metal nanostructures, leading to improved performance.25, 42, 81 By allowing an atomic scale 

control of alloy compositions, ALD may facilitate systematic studies to investigate the link 

between materials composition and their catalytic and electronic performance.25 Metal alloys 

may be deposited by ALD through alternate deposition from various metal precursors, or by 

secondary deposition to form bimetallic structures. 82-84 Such bimetallic structure may intermix 

at the interface under ALD conditions or when exposed to higher annealing temperatures, to 

form homogenous alloy phases.85 Combined with the templating technologies, ALD has 

potential to yield complex alloy nanostructures with enhanced catalytic, electronic and 

magnetic properties. However, alternate deposition from different precursors requires the 

precursor to have similar chemistry, to facilitate deposition at similar temperature range and 

using a common reducing agent, which is a major drawback, as such precursors are extremely 

scarce.25, 77  

 

3.5.1. Thermal ALD  

The alternate deposition strategy has also been employed in the deposition of NiFe alloy 

films for magnetic applications (Table 1, entry 39).83The process involved ALD of NixFe1-xOy 

followed by thermal reduction under hydrogen atmosphere to form pure Ni-Fe films. The 

NixFe1-xOy was deposited on SiO2 substrates, via alternate exposure of nickelocene (NiCp2) and 

Ferrocene (FeCp2) with ozone (O3) as the co-reactant. The precursors were applied in the 

following sequence; m pulses of NiCP2/O3 (m =1, 2 or 3), followed by n pulses of FeCp2/O3 

cycles. The sequence was repeated until there were 2000 pulses for NiCP2/O3 and FeCp2/O3 

cycles. The obtained films were subsequently reduced at 400 oC under hydrogen environment 



30 
 

to obtain pure Ni-Fe films. Energy dispersive X-ray spectroscopy (EDS) analysis found atomic 

ratios of Ni:Fe in films prepared with NiCp2/FeCp2 at a pulse ratio of 1 (i.e. m =1) to be 83:17, 

while those prepared with a pulse ratio of 2 and 3 had a Ni:Fe ratio of 89:11, and 92:8, 

respectively. However, the annealing step resulted in the development of holes across the film 

as the oxygen was liberated, which led to higher electrical resistivity of up to 10-6 Ωm, due to 

increased electron scattering by the holes. The team also demonstrated that the recipe could be 

used to fabricate Ni-Fe alloy nanostructures, by using a nano-porous alumina template (pore 

size = 60 nm) during the ALD. Upon dissolution of the template using chromic acid, nanotubes 

with an external diameter of 70 nm and a length of 8.7 µm were obtained, as illustrated by SEM 

images (Figure 4).  

 

3.5.2. Plasma enhanced ALD  

The deposition of Cu-Mn alloys on SiO2 substrates, by the simultaneous pulsing of Cu 

and Mn metal precursors was demonstrated (Table 1, entry 40).82 The alloy was deposited at 

120 oC from bis(1-dimethylamino-2-methyl-2-butoxy) copper (MABOC) and Mn(2,2,6,6-

tetramethylheptane-3,5-dionate)3 (Mn(thd)3 with H2 plasma as the common co-reactant. A 

deposition cycle consisted of pulsing the Cu and Mn metal precursors, purging with Ar gas, 

exposure to H2 plasma, and a second purge with the Ar gas. A self-limiting growth of 0.65 

Å/cycle was observed for precursors pulse times greater than 5 s, and hydrogen plasma 

exposure time greater than 1 s. The content of Mn in Cu could be varied from 0 to 10 at.% 

depending on the exposure time for the Mn precursor. The resistivity of the film increased with 

the increasing Mn content, where a 10 nm thick film of Cu, Cu-Mn (4.7 at.% Mn), and Cu-Mn 

(9.8 at.% Mn) were 5.67, 45.2 and 129.5 µΩcm, respectively. Upon annealing between 100 

and 500 oC, a decrease in the resistivity was observed across all the films, particularly those 
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with higher Mn content, with the alloy having Mn content of 9.8 at.% decreasing to about 60 

µΩcm after annealing at 500 oC. This decrease was attributed to the out-diffusion of Mn atoms 

from the alloy, which are expected to segregate at the surface and the interfaces of the Cu-Mn 

alloy/SiO2. The Mn segregation acts as a barrier (also referred to as a self-forming barrier), to 

inhibit the diffusion of Cu atoms onto the surrounding substrate. The diffusion of Cu in the 

integrated circuit is a significant problem, as it could compromise the properties of the 

surrounding dielectric materials.73 

The deposition of Cu-Al alloy has also been demonstrated by alternate deposition from 

Cu and Al precursors at 150 oC (Table 1, entry 41).86 Cu was deposited from bis(1-

dimethyulamino-2-methyl-2-butoy) copper (MABOC) precursor with H2 plasma while Al was 

deposited from trimethylaluminum (TMA) precursor, with a H2 plasma. The Cu deposition 

cycle consisted of four pulses, involving 5 s for Cu metal precursor, 10 s for N2 purge, 8 s for 

the H2 plasma exposure, and 10 s for a second N2 purge. Al deposition pulses consisted of 0.5 

s for TMA, 5 s N2 purge, 5 s H2 plasma exposure and 10 s N2 purge. Depending on the number 

of cycles from the Cu and Al precursors, the Al content in the alloy could be tuned from 0 to 

15.6 at.% based on XPS analysis. The electrical resistivity was found to increase with Al 

content. Pure Cu had a resistivity of 28 µΩcm, while samples with Al content of around 15.6 

at.% had a higher resistivity of almost 200 µΩcm, due to the electron scattering by Al atoms. 

Like the Cu-Mn alloy discussed above, annealing of the Cu-Al alloy resulted in a decrease in 

electrical resistance, with the alloy having an Al content of 4.6 at.% exhibiting the most 

significant decrease from about 85 to 66 µΩcm. The decrease was similarly attributed to the 

out-diffusion of Al atoms from the bulk, to segregate at Cu-Al/SiO2 interfaces, where they form 

a self-forming barrier of AlOx. 
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Application of ALD-derived transition metal films and nanostructures 

4.1. Electronic applications 

ALD has emerged as an enabling technology for the fabrication of microelectronic devices, 

such as memories devices, capacitors, transistors, and integrated circuits.87,88 ALD grown metal 

nitride films, for example, find applications as electrodes for capacitors and as gate material 

for complementary metal-oxide-semiconductors (CMOS), as previously reviewed.88  BaTiO3 

and SrTiO3 ALD film are used as dielectric materials for capacitors in dynamic random access 

memories (DRAM), while Al2O3, ZrO2 and HfO2 ALD films are used as high dielectric 

constant gate oxide to reduce tunneling current in metal-oxide semiconductor field-effect 

transistor (MOSFET).89 Tunneling current arise as electrons undesirably flow through thin 

insulator/dielectric materials, and is a major obstacle to the downscaling of electronic devices.90  

High dielectric constant metal oxide such as Al2O3, ZrO2 and HfO2 exhibit higher resistance 

to tunneling current as compared to the conventional SiO2 dielectrics, and ALD enables 

ultrathin yet high quality films of such materials to be deposited.91 A schematic illustration of 

the cross-section of a MOSFET containing a 10 nm film of Al2O3 ALD is illustrated in Figure 

5.  

 Among pure transition metals, copper is the most widely used owing to its high electrical 

conductivity. Almost all electronic devices rely on copper to interconnect different components 

across the microelectronic chips.12 As the devices shrink in size, the joule heating arising as 

the current passes through the conductor becomes more pronounced, and it is critical to keep 

the resistivity as low as possible.12, 92 ALD has played a key role in addressing this problem, 

by facilitating the deposition of a continuous film across the high aspect ratio vias and trenches 

on integrated circuits, thus affording conductivity similar to that of bulk copper.13 However, to 

achieve the high film continuity and low resistivity required for the electronic applications, the 

chemistries for both the precursors and the substrate surface must be carefully controlled. The 
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precursors should be sufficiently stable at the deposition temperature to prevent the 

decomposition, which is likely to increase resistivity, while the substrate surface should have 

a high density of active site, to facilitate the nucleation of a continuous film. In addition, it is 

important to ensure the reactivity of the substrate surface functional groups match that of the 

precursor to ensure a complete reaction on the substrate surface, without introducing secondary 

contamination. For example, NHx functional groups have been shown to reduce film 

contamination as compared to -H functional groups, during the deposition of transition metal 

nitrides owing to their higher reactivity.93 

However, owing to the higher diffusivity of Cu atoms, a barrier layer is typically required 

to prevent the diffusion of Cu to the underlying Si substrate. ALD of CuMg and CuAl alloys 

were proposed, where the ALD films were subjected to heat treatment, to promote the diffusion 

of Mg and Al ions to the interface, thus acting as the barrier layer between the Cu and the 

substrate.82, 86 Potential future applications include the development of nanostructured Ni-Fe 

permalloys, used as magnetic core in electronic and electrical equipment.83  

4.2. Catalytic applications 

The ability to apply conformal catalyst coatings across complex nanostructures has 

made ALD an extremely promising technique for the design of nanocatalytic materials.8 

Coupled with the ability to control material composition at an atomic scale, these properties 

will be particularly useful in challenging catalytic reactions such as the catalytic conversion of 

CO2, where reactions yields and selectivity are strongly influenced by both compositional and 

structural features.42, 44 High curvature nanoneedle structures, for example, exhibit higher CO2 

conversion efficiency compared to nanorods or nanoparticles,44 while Cu based electrocatalysts 

exhibit a higher selectivity for hydrocarbons compared to other metallic nanostructures.42 ALD 

has the potential to allow such nanostructures through templated deposition, while precise 
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compositional control will enable single or bimetal nanostructures with enhanced product 

selectivity.25 

 ALD has been used to deposit Cu nanoparticles across SiO2 substrates, and their 

performance in the catalytic conversion of CO2 to CO demonstrated, and compared with that 

of particles formed through the conventional impregnation method.19 The result found that the 

ALD nanoparticles had superior performance, with about 14 - 24 times higher turnover 

frequency (TOF) for the conversion of CO2 to CO compared to those prepared through the 

impregnation method. The higher activity was attributed to the smaller size of the Cu 

nanoparticles deposited by ALD, which had an average size of 2.4 nm, compared to the 17.6 

nm sized particles obtained by the impregnation method. The ALD particles were also highly 

dispersed, preventing the deactivation of catalyst due to sintering, after the high temperature 

hydrogenation reactions. 

A controllable deposition of Ni nanoparticles, ranging in size from 2.4 to 3.3 nm across 

alumina substrates was also demonstrated, and their catalytic performance compared with 

similar particles obtained via the conventional impregnation method.43 The ALD was carried 

from bis(cyclopentyldienyl)Ni with hydrogen as the reducing agent. The ALD particle size 

could be varied depending on the number of deposition cycles where 1 cycle produced 2.4 ± 

0.1 nm while 5 cycles produced 3.3 ± 0.1 nm. Temperature programmed desorption analysis 

(CO-TPD) revealed that the ALD particles had up to 5 times higher number of active sites 

compared to similar particles prepared by the impregnation method. The ALD particles also 

had a higher density of step and kink sites, which led to higher selectivity for the 

hydrogenolysis of propylene to over 10 %, while the selectivity for the particles obtained by 

the impregnation method was below 0.4%. 
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Secondary ALD was also used to prepare Ni-Pt bimetallic catalysts (average size 9.4 ± 

4.5 nm), and their performance in the dry reforming of methane was compared with that of a 

similar catalyst, prepared using the incipient wetness impregnation method.84 The deposition 

process involved deposition of Ni nanoparticles, after which Pt was deposited on the Ni 

nanoparticles to form the bimetallic catalyst. Ni was deposited from 

bis(cyclopentadienyl)nickel (NiCp2) with hydrogen gas at 300 oC. Pt, on the other hand, was 

deposited from trimethyl(methylcyclopentadienyl) platinum IV (Me3(MeCp) Pt) with 

hydrogen as the co reactant at 175 oC. The ALD-derived Ni-Pt catalyst was found to outperform 

similar catalyst prepared by the incipient wetness impregnation method for dry reforming of 

methane (DRM). The ALD bi-metallic nanoparticles exhibited a methane reforming rate of 

122 Lh-1gmetal
-1 which was twice the yield obtained by similar catalysts prepared by the 

impregnation method (Figure 6). The yield was also 3 and 4 times higher than that obtained 

with pure Ni and Pt, respectively, highlighting the synergistic impact of the bi-metal catalyst. 

The bimetallic catalysts were also found to coke less owing to a weaker C adsorption energy 

at the step edges and a higher C diffusion barrier on terraces. The coking resistance compared 

to the one prepared by the impregnation method, also suggest proper distribution of Pt across 

the bimetallic catalyst, which is known to inhibit coking.  

Secondary deposition has also been employed in the synthesis of Ni-Cu bi-metallic 

nanoparticle catalysts across alumina substrates, for the hydrogenation of CO2 to methanol.81 

The Ni catalyst was deposited from bis(cyclopentadienyl) nickel (Ni(Cp)2) and O3 at 150 oC 

for 50 cycles, followed by reduction with pure hydrogen at 500 oC. Catalytic studies found the 

ALD prepared catalyst had a methanol yield of 1.5 mmolg-1h-1, which was more than double 

that obtained by similar catalyst prepared by the impregnation method (0.7 mmolg-1h-1). The 

higher performance was attributed to the higher surface area of the ALD nanoparticles, 

providing more active sites for catalysis. The ALD catalysts were also found to have a better 
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alloy dispersion based on TEM analysis, which could contribute to the improved performance. 

However, no methanol generation was observed when only ALD deposited pure Ni was used, 

while Cu/AlO3 produced 0.8 mmolg-1h-1, clearly demonstrating the synergistic role of the Ni-

Cu alloy.  

ALD metal nanostructures outperform similar structures prepared using other conventional 

methods in a wide range of important catalytic applications, owing to their higher uniformity, 

better dispersion across a substrate and higher density of active sites. The layer by layer 

deposition technique allows control over size, down to the sub-nanometer scale, significantly 

boosting the number of active sites.22 Although such nanostructures are also vulnerable to 

deactivation by carbon deposits on the active sites, ALD has been demonstrated as an effective 

technique for the selective deposition of a secondary material to suppress the carbon 

poisoning.45 
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5. Conclusion and perspectives  

This review has highlighted the latest developments in the ALD of pure transition 

metals films and nanostructures, by analysing various factors that govern a successful 

deposition. Among the transition metals, the deposition of Cu, Ni and Co is the most developed, 

while the deposition of other metals such as V, Zr, and Hf has not been reported to date. 

Although the biggest challenge is the lack of sufficiently reactive precursors, for the deposition 

of pure metals, a much deeper understanding on the performance of the currently existing 

precursors, with a wide variety of substrate chemistries and co-reactants, will aid the progress 

of the field. Precursors that appear unreactive with certain substrate/co-reactant combination 

may become reactive when exposed to different chemistries, and systematic studies are 

necessary to establish the optimal precursor/substrate/co-reactant combinations. Using 

substrates that have a higher surface energy relative to the metal being deposited, for example, 

will result in an improved wettability, leading to more continuous films.36  

The application of ALD in the deposition of transition metal catalysts has also been 

highlighted, where higher activity was demonstrated across a wide variety of chemical 

reactions, owing to improved dispersibility, higher specific surface area, and a higher density 

of active site. Through templated or selective ALD, it is expected that complex nanostructures 

with improved charge transfer kinetics, and hence higher catalytic activity will be developed. 

Future work should therefore explore the potential for the templated or selective area deposition 

in developing high curvature nanostructures (e.g. nanoneedles, and nanospikes), which exhibit 

higher electrocatalytic activity compared to other nanostructures. The capability of ALD to 

deposit in highly confined spaces should also be exploited to develop and stabilize the highly 

active single-atom metal catalysts within porous materials.24, 94 ALD should also facilitate the 

design of magnetic-alloy nanostructures, having enhanced magnetic properties, for use as 

magnetic core in electrical and electronic equipments.83  
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Table 1. Precursors, deposition conditions and film properties of ALD deposited transition 

metals 

Entry 
Metal Precursors 

Deposition 

temperature 
Substrate 

GPC 

(Å/cycle) 
Purity 

Resistivity 

 
Ref. 

1.   

CuCu 

(Thermal) 

Copper aceta-

midinate with H2 280 oC 
SiO2, 

Co/SiO2 
0.5 - - 49 

2.   Copper (I) amidinates 

with H2 
150 - 300 oC SiO2/Al2O3 1.90 > 90 %  31 

3.     S3N4 1.5    

4.     WN 0.54    

5.    
 Ru 0.11  2.9 µΩcm  

6.     Co 0.4    

7.     Cu 0.5    

8.   Copper dimethyl-2-

propoxide 

(Cu(dmap)2) with 

diethylzinc (Et2Zn) 

100 - 120 oC SiO2 0.2 - 2.75 µΩcm 15 

9.   Cu(thd)2 with H2 210 - 250 oC. Pd 0.37 - - 17 

10.   Cu (dmap)2 with 

formic acid and 

hydrazine 

120 oC Si 0.47 - 0.50 
95.9 -98.8 

%, 

9.6 – 16.4 

µΩcm 
47 

11.   Cu (dmap)2 with 

tertiary butyl 

hydrazine (TBH) 

120 oC 

SiH, SiO2, 

Al2O3, TiN 

and Ru 

0.17 99.4 at.%, 1.9 µΩcm 10 

12.   Copper (II) acetyl-

acetonate Cu(acac)2 

with water and 

hydroquinone  

210 - 250 oC  2  2-5 µΩcm 12 

13.  Cu 

(PEALD) 

Cu(acac)2 with H2 

plasma 140 oC Si, SiO2 0.18 ≤ 86 % 15 µΩcm 52 

14.  

 

Bis (1-dimethyl-

amino- 2-methyl-2-

butoxy) copper 

(MABOC) with H2 

plasma 

100 - 180 oC Ta 0.65 > 95% 5.2 µΩcm 53 

15.   [Cu((Py)CHCOCF3)2

]2 (Py = Pyridine) 

with H2 plasma 

190 oC Quartz  ~84 at.% 58 Ω /sq 54 

16.    
 Al2O3   222 Ω /sq  

17.  Ni 

(Thermal) 

Bis-Ni(II) with H2 
200 - 250 oC Si 1.25 ~ 75 at.% 18.6 Ω/sq 62 

18.   Nickel (II) 

acetylacetonate 

(Ni(acac)2) with 

methanol 

250 -300 oC  0.065 95 at.%, 27 µΩcm 63 
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Entry Metal Precursors 
Deposition 

temperature 
Substrate 

GPC 

(Å/cycle) 
Purity 

Resistivity 

 
Ref. 

19.  

 

Bis(dimethylamino-

2-methyl-2-

butoxo)nickel 

[Ni(dmamb)2 with 

NH3 

300 oC, Si 
0.64 

Å/cycle 
- 25 µΩcm 64 

20. 2

0 

 

Ni 

(Thermal) 

Bis(1,4-di-tert-

butyl-1,3- 

diazadienyl)-nickel 

with tertbutylamine 

180 - 195 oC Pt 0.60 97 at.%, 22.1 µΩcm 56 

21.     Ru - - 30.6 µΩcm  

22.   (Ni(acac)2(tmeda) 

with N2H4 240 - 280 oC SiO2/Si 2.1 95.1 
18.1 - 19.4 

µΩcm 
55 

23.  Ni 

 (PEALD) 

Ni(dmamb)2 with 

NH3 plasma 
250 oC Si 2.0 - 43 µΩcm 66 

24.   Ni(dmamb)2 with 

H2 plasma 250 oC Si 0.8 - 75 µΩcm 66 

25.   Ni(dmamb)2 with 

NH3 gas 
300 oC HOPG 

2.07 

(initial) 

0.79 after 

200 cycles 

-  16 

26.  
Co 

(Thermal) 

Cobalt Bis(N,N’-

diisopropylacetami

dinate with H2 

350 SiO2, 0.12 - 46 µΩcm 49 

27.   Cobalt 

acetylacetonate 

with H2 

280 - 325 oC 

 
Ir 0.57 - - 68 

28.   Cobalt 

acetylacetonate 

with silane 

280 - 325 oC 

 

Ta, SiO2, 

Si, FSG 
≤ 0.38 - - 68 

29.  Co 

(PEALD) 

 (Co2CO)8) with H2 

plasma 
75 - 110 oC So 

1.2 

 
63 - 83%  69 

30.   Cyclopentadienylco

balt dicarbonyl 

((CpCo(CO)2) with 

H2 plasma 

125 - 175 oC Si 1.1 ≥ 91% - 70 

31.   Cyclopentadienyl 

isopropyl 

acetamidinato-

cobalt with NH3 

plasma 

200 - 250 oC 
Si and 

SiO2 

0.5 

 
60 – 90 % 

 

 

140 µΩcm 

67 

32.   Cobaltocene 

(CoCp2) with NH3 

plasma 

300 Si ~0.48 - - 71 

33.   Co(MeCp)2 with 

NH3 plasma 
200 - 350 oC 

Si and 

SiO2 
0.4-0.6 - 31 µΩcm 72 

34.   Bis(ethylcyclopenta

dienyl) cobalt 

(Co(EtCp)2) with 

NH3 plasma 

125 - 225 oC Si 0.073 45 % 117 µΩcm 73 

35.  Mo 

(Thermal) 

MoCl5 with Zn 
400 - 500 oC. 

SiO2, 

Al2O3 
0.8 ≤ 70 % 15 µΩcm 78 

36.  
Fe 

(Thermal) 

Iron bis(N,N’-

diisopropylacetami

dinate) 

250 oC  0.08 

- 

 

 

- 
49 
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Entry Metal Precursors 
Deposition 

temperature 
Substrate 

GPC 

(Å/cycle) 
Purity 

Resistivity 

(µΩcm) 
Ref. 

37.  Cr 

(Thermal) 

Cr(RR’COCNtBu)2 

with BH3(NHMe2) 
170 - 185 oC Ru 0.08 - - 77 

38.  

Ti (Thermal) 

titanium 

tetrachloride with 

2-methyl-1,4-

bis(trimethylsilyl)-

2,5-cyclohexadiene 

110 - 250 o 
SiO2, Si, Pt 

and Ru 
0.06 - - 

79 

 

 

 

39.  

Ni-Fe alloy 

(Thermal) 

Nickeloccene 

(NiCp2) and 

ferrocene (FeCp2) 

with ozone (O3) and 

H2 

200 SiO2 0.26 - 10 − 6 Ω m 
83 

 

40.  

Cu-Mn alloy 

(Plasma) 

Bis(1-

dimethylamino-2-

methyl-2-

butoxy)copper 

(MABOC) and 

(Mn(thd)3 with H2 

plasma 

120 SiO2 0.65 - 
5.67- 129.5 

µΩcm 
82 

41.  
Cu-Al alloy 

(Plasma) 

MABOC and 

trimethylaluminum 

with H2 plasma 

150 SiO2   
28 - 200 

µΩcm 
86 
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Scheme 1. Schematic illustration of atomic layer deposition of metals. 
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Figure 1. The demonstration of selective and templated deposition of Cu; (a) atomic force 

microscopy (AFM) image of OTS-SAMs patterned SiO2 substrate (b) selective deposition of 

Cu on the OTS patterned surface, (c) SEM images of Cu nanotubes produced using nanoporous 

polymer membrane as template and (d) HR-TEM images of a Cu nanotube. Reproduced from 

ref. 15 with permission from Wiley Online Libraries. 
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Figure 2. Selective deposition of Ni nanowires across the edges of pyrolytic graphene, after 

(a) 100 cycles, (b) 200 cycles, (c) 400 cycles, (d) 500 cycles. Reproduced from Ref.16 with 

permission from IOP Science.  

 

 

 

 

Figure 3. The surface morphology of PE-ALD Co film after a)100, b) 300, and c) 500 cycles. 

The surface morphology became smooth and more continuous as the number of deposition 

cycles were increased from 100 to 500 cycles. Reproduced from Ref.71with permission from  

Wiley Online Library. 
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Figure 4. (a) SEM image of ALD Ni83Fe17 nanotubes embedded in a nanoporous alumina 

membrane, (b) SEM image of an isolated nanotube with an external diameter of about 70 nm 

and a length of 8.7 µm.  Reproduced from Ref.83with permission from IOP Science. 

 

 

 

Figure 5. A schematic illustration of InGaAs MOSFET with a 10 nm ALD Al2O3 gate oxide.91 

Reproduced from Ref.91 with permission from  AIP publishing LLC. 
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Figure 6. Dry reforming of methane at 600 oC using Ni-Pt core shell nanoparticles. 

Consistently higher reforming rate was achieved with the bi-metal particles as compared to 

either pure Ni or Pt. The reforming rate obtained with the ALD core-shell particles was twice 

as fast compared to that obtained with particles prepared through the incipient wet 

impregnation (IW) method. Reproduced from Ref.84 with permission from Elsevier. 

 

 


