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ABSTRACT 

Solution-deposited palladium on amine-terminated self-assembled monolayers (SAMs) is 

a well-characterized catalyst and adhesion layer combination for electroless metallization 

of dielectric films. A reducing agent is typically added to the deposition bath or a 

sensitizer such as tin is co-deposited producing relatively thick Pd layers. Thinner Pd 

deposits would enable barrier seed layers for filling < 10 nm wide gaps in patterned 

dielectric films with metal. In this work, we eliminated the reducing agent from the 

deposition bath and worked at pH < 2 to deposit monomeric Pd(2+) species and show 

that the amine groups terminating the SAM reduce Pd(2+) to Pd(0). The amount of Pd 

deposited depended on the coverage of the two types of amines on the SAM. The 

adsorption of PdCl4
2- ions in solution on protonated amine groups (–NH3

+) is well known. 

Our data suggest that the nonprotonated amine groups (–NH2), which coexist with –

NH3
+, chemically reduce the Pd(2+) ion to Pd metal by oxidizing to the amine radical 

cation (–NH2•+). Pd bonds to and covers the –NH2•+ groups in the process depositing 

around a monolayer of Pd from solution on the SAM-covered silicon oxide surface. The 

Pd layer served as a catalyst for solution deposition of cobalt films on the surface using a 

reducing agent under oxygen-free conditions. The cobalt deposited initially as islands that 

grew together into a closed film with good adhesion. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Electroless deposition (ELD), also known as electroless plating, is a technique used in the 

semiconductor industry to plate thin films of metals and their alloys onto substrates. ELD 

is a ideal alternative to electroplating as the latter requires applied power which can result 

in nonuniform current distribution (1). ELD is also more effective at coating irregular 

surfaces and high aspect ratio features, and electroless films are more compact and 

uniform (2, 3). Instead of using an external current source to reduce metal ions, ELD uses 

catalysts such as Pd and Pd-Sn and reducing agents such as hypophosphites, 

aminoboranes, and formaldehyde (4-11). Commonly used as a seed layer for ELD, Pd 

catalysts are costly and may act as a contaminant, damaging the electric properties of the 

metalized film (12). Electroless Cu deposition is feasible although less common without 

the need for this component (1, 12, 13). Most ELD reducing agents contain B or P, which 

can be used as a dopant to further customize the properties of the plated metal alloy, such 

as increasing coercivity, hardness, or corrosion resistance (2, 14). These dopants can also 

be considered impurities if high purity metal films are desired. Electroless Co films made 

with morpholine borane can be created without the introduction of B impurities by using 

a high glycine concentration (14). 

In ELD, a solid substrate is first exposed to an aqueous catalyst bath. After the catalyst 

chemisorbs onto the substrate, it is exposed to an aqueous electroless bath containing the 

desired metal salt, the reducing agent, a complexing agent to maintain the level of metal 
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ions in solution, a buffer to maintain a given pH, and other additives that improve the 

morphology of the metal coating or inhibit the deposition rate to form a stable solution 

(12, 15, 16). The reducing agent then reduces the catalyst and metal ions, which plates 

metal on the substrate surface. ELD is a autocatalytic redox process because the metal 

cations accept electrons from the reducing agent to reduce to metal while the reducing 

agent becomes oxidized by releasing its electrons (17). Common metals deposited by 

ELD include Ni, Co, and Cu (3, 6-11, 18). Metals created by ELD can be used for 

magnetic recording media, multilayer circuit board interconnections, decorative coatings, 

and surface finishing (16, 19-22). 

A major area of research is the metallization of insulating surfaces such as SiO2 wafers, 

glass, and polyimide polymer substrates (3-5, 8-10). Successful ELD relies on creating 

strong adhesion between the interface of the metal and insulating layers. Organic self-

assembled monolayers (SAMs) can act as this coupling agent. SAMs are one molecule in 

length and contain head and terminal groups. The head groups chemisorb onto the 

insulating substrate while the terminal functional groups such as amines or thiols 

chemically modify the surface to allow for ELD (3-5, 7, 10, 23). The size of these SAMs 

is advantageous as device fabrication continues to decrease and a high density of 

nucleation sites is required for continuous metallization (23). SAMs can also act as a 

diffusion barrier to prevent electrical shorting between the metal and insulator (1, 24). 

SAMs with non-reactive functional groups such as hydroxyls and methyls can also be 

used to deactivate the surface (12, 24, 25). By selectively patterning reactive SAMs with 

non-reactive SAMs, metallization will only occur at specified regions. This kind of 
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chemical templating can be applied to dual damascene processes for Cu interconnects in 

ultra large scale integration applications (24). Other means of selective ELD patterning 

on oxide surfaces include microcontact printing using activated SAM dendrimers and 

deep ultraviolet patterning of SAM films (18, 26). 

The plating of electroless metals onto insulating surfaces is feasible using thin barrier 

layers such as SAMs. The successful deposition of these SAMs allows for coverage of 

the surface by catalysts. Electroless metal deposition relies on these catalysts to propagate 

films; hence catalysts and their interaction with other layers are crucial to forming 

complete, uniform, and adhesive metal surfaces. In this study, we examine the deposition 

mechanism necessary for a Pd catalyst to bond with an amine-based SAM on an insulated 

SiO2 substrate. We also investigate Pd coverage of the surface for the nucleation and 

growth of electroless Co metal. Using wet chemistry methods, SiO2, APTMS, Pd, and Co 

layers are deposited onto Si wafers. Surface characterization is then performed using 

ellipsometry, XPS, SEM, and AFM. We hypothesize that the nonprotonated amine 

groups (–NH2), which coexist with –NH3
+, chemically reduce the Pd(2+) ion to Pd metal 

by oxidizing to the amine radical cation (–NH2•+). Pd bonds to and covers the –NH2•+ 

groups in the process depositing around a monolayer of Pd from solution on the SAM-

covered silicon oxide surface. These mechanisms then allow for the uniform film growth 

and coverage of electroless Co. 
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1.2 Literature Review 

1.2.1 Plasma Treatments and Self-Assembled Monolayers 

Electroless metal deposition can occur with the aid of plasma treatments. These 

treatments physically and chemically modify the surface and allow the electroless metal 

to adhere to the substrate. Bhusari et al. used various plasma treatments to modify a 

polyimide (PI) surface and examined the chemical and physical changes (9). The authors 

found that an NH3 plasma created N radicals that reacted with the surface to form 

covalent N bonding sites. Higher plasma powers generated a higher density of N radicals 

and therefore increased the N concentration. An Ar reactive ion etching plasma 

significantly increased the surface roughness. By combining the treatments (Ar followed 

by NH3), the Ar plasma roughened the surface and created bonding sites for the N 

radicals generated by the NH3 plasma. Bhusari et al. then reacted the plasma surface with 

a commercial Pd/Sn catalyst and a Cu ELD bath. XPS revealed metallic Pd was only 

observed with an Ar-only treatment, and the Pd(II) state was assigned to Pd-N bonding 

via the unbound electron pairs. Regardless of plasma treatment, a large fraction of Cu 

was found in the metallic state. Electroplated Cu was then added to examine adhesion. 

Peel tests showed that chemical bonding improved adhesion more significantly than 

roughness, and that adhesion failure occurred at the PI/Pd interface. While the plasma 

treatments encouraged bonding, the catalyst did not adhere strongly to the surface. 

Kim et al. investigated the adhesion of electrolessly deposited Cu onto a PI substrate by 

modifying the surface with an O2 inductively couple plasma followed by a N2/H2 plasma 
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treatment (8). The authors found that increasing the self-bias voltage (Vdc) from -100 to -

200 V during the O2 plasma treatment led to increased surface roughness from 1.9 to 42 

nm. Higher Vdc values increased the bombardment energy of oxygen ions, which was 

confirmed by the increase in C-O bonds using XPS. The authors also discovered that 

increasing the N2/H2 flow ratio from 30/70 to 70/30 enhanced the generation of C-N 

bonds, and hence N-containing functionalities, as shown by XPS. FTIR also showed an 

increase in the intensity of the N-H stretching peak between 3600 and 2500 cm-1 with 

increasing N2/H2 flow ratio. After modifying the PI surface with plasma treatments, the 

authors immersed the substrate in a Pd/Sn catalyst solution then electrolessly plated Cu 

using a commercial bath. To examine adhesion, an additional 8 µm Cu was electroplated 

afterward. Measurements showed peel strength increased from 16 to 96 gf/mm with 

increasing N2/H2 flow ratio, indicating that the increase in N-containing functionalities 

led to more effective Pd-N bonding, and hence better PI-Cu adhesion. Increasing the Vdc 

value during the O2 plasma treatment also increased the peel strength from 36.1 to 88 

gf/mm, showing that surface roughness also enhanced adhesion. By treating the surface 

with successive O2 and N2/H2 plasma treatments, the authors were able to improve the 

adhesion strength of Cu on PI. 

In place of plasma treatments, SAMs can be used to chemically bind electroless metals to 

substrates. These SAMs offer various applications such as acting as diffusion barriers. 

Caro et al. found that 3-aminopropyltrimethoxysilane (APTMS) could be used as a Cu 

diffusion barrier and could improve SiO2/Cu interfacial adhesion (24). While the 

interfacial roughness (a gauge of fracture energy) of SiO2/APTMS/Cu was comparable to 
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SiO2/Cu, SiO2/APTMS/Cu annealed up to 400 °C had increased adhesion. This increased 

adhesion strength is comparable to the room temperature strength of a Ta/TaN barrier, 

and may be due to siloxane bridging, Cu rearrangement, and/or interfacial N-Cu complex 

formation. Four-point bending and XPS analysis showed that failure occurred at the 

APTMS/Cu interface whether at room temperature or annealed. As shown by thermal 

desorption spectroscopy, the APTMS layer could withstand Cu PVD and annealing up to 

450 °C. Energy-filtered TEM showed that APTMS formed a continuous C-rich interface 

with Cu at both room temperature and 350 °C, with no indication of Cu penetration into 

the APTMS layer as supported by angle-resolved XPS and EELS. The SiO2/APTMS/Cu 

Rs would increase if copper silicide formation occurred (an indication of Cu diffusion), 

but measurements were consistently low up to 400 °C. XRD also showed that APTMS 

could still act as a Cu diffusion barrier even when thermal stability was surpassed. 

Another application of SAMs is to act as stamping inks to selectively pattern surfaces. 

Wu et al. examined a method to create selective electroless Co patterns on oxide surfaces 

by the microcontact printing (µCP) of SAM dendrimers (26). The authors used a 

polyamidoamine starburst generation 4 dendrimer (G4OH) that contained 64 terminal 

hydroxyl, 62 tertiary amine, and 124 amide functional groups. This dendrimer acts as a 

SAM by reacting with the hydroxyl groups on the oxidized Si wafer surface through 

hydrogen bonding, becoming oblate when adsorbed, and self assembling to form a 

monolayer film. Using ellipsometry, Wu et al. examined the relationship between the 

G4OH film thickness and concentration. When the film was formed by immersion, the 

G4OH concentration had no obvious effect on the thickness. The film reached a thickness 
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of 1.4 ± 0.4 nm, which corresponded to the thickness of a G4OH monolayer. When the 

film was formed by stamp printing, the thickness would increase linearly from 0.25 nm 

for a 2 µM G4OH ink concentration to 2.8 nm for a 0.18 mM concentration. This linear 

correlation showed that dendrimer coverage could be tuned by controlling its 

concentration. This dependence also differs from thiol and chlorosilane systems, which 

show a nonlinear increase of SAM thickness with ink concentration. Thiol and 

chlorosilane printing also differs because G4OH printing times had no obvious effect on 

thickness while the former have increased printed SAM thicknesses with contact time. 

With shortened printing times, G4OH could be used to decrease lateral diffusion when 

patterning small sizes. SEM images showed that by increasing the G4OH concentration, 

the printed pattern size also increased. This undesired widening also exists for thiol and 

chlorosilanes but the ink concentration was hence optimized in the several µM range. 

AFM images revealed that printing with 2 µM G4OH could create 600 nm wide linear 

patterns. The tertiary amine and amide groups on the G4OH molecules can act as binding 

sites for Pd(II) ions, reducing the Pd to metal. Therefore, Na2PdCl4 was employed as a 

catalyst. Other literature stated that in a PdCl4
2- solution with a pH of 1 and a high 

chloride concentration of 0.7 M, the Pd particles would act as nucleation centers for the 

growth of small Co islands. Using a CoCl2 ELD solution with dimethylamine borane 

(DMAB) as the reductant, the authors were unable to deposit electroless Co using this Pd 

solution, and believe it may be due to partial protonation of the amine groups in the 

G4OH that would not allow the G4OH to bind to the Pd(II) ions. The proton added to the 

solution due to successful binding may also affect other reaction equilibria. Using a 
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Pd(II) solution with a low PdCl4

2- concentration of 0.1 M and a pH of 5 instead, Wu et al. 

were able to deposit electroless Co. Since the amine groups in the dendrimers are 

deprotonated at a pH of 5 and amide groups are neither protonated nor deprotonated at 

this pH range, the tertiary amine groups were credited with binding to Pd(II). AFM 

images confirmed that the authors were able to obtain 700 nm wide Co line patterns with 

an average pattern height of 80 nm. Through their research, Wu et al. were able to show 

that µCP of dendrimers has potential to produce magnetic patterns on any nonconducting 

surface, due to hydroxyl groups that can form hydrogen bonds with dendrimers. Many 

dendrimers are commercially available and stable. Dendrimers are also good substitutes 

for thiol and chlorosilane SAMs. Chlorosilanes require a water- and oxygen-free 

environment while the alcoholic solvents used for dendrimers will cause negligible 

swelling of the polymeric stamps, which is ideal for small pattern sizes less than 1 µm. 

Printing dendrimers instead of catalysts also allows for flexibility in patterning various 

functional molecules and particles.  

Continuous metallization requires maximizing the coverage of metal onto the SAM. 

Fisher et al. examined the interaction of vapor-deposited Al onto a SAM of 16-

mercaptohexadecanoic acid and discovered isolated, unreacted functional groups (25). 

The SAM was deposited onto a polycrystalline Au substrate adhered to a Si wafer by a Cr 

adhesion layer. A ToF-SIMS negative ion spectrum of the bare SAM surface showed 

many high-mass peaks that confirmed the presence of the SAM. Mass spectra displaying 

the incremental deposition of Al revealed the rapid disappearance of oxygen-containing 

fragments, while the intensities of the hydrocarbon and Au metal clusters remained 
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constant during the initial Al deposition. By examining the peak areas of the SAM 

adsorbate compared to the Al thickness, the authors suggested that slightly more than one 

Al atom reacted with each CO2H functional group on each SAM molecule. Peaks around 

mass 81 and 113 amu compared to Al thickness showed the formation of unidentate and 

bidentate ligands. In particular, the spectrum around mass 113 amu revealed the presence 

of the [(AlO)2CHCH2]- fragment ion, further indicating that more than one Al atom is 

chemisorbed onto each SAM functional group. Fisher et al. also noticed that the 

CH(OH)(OAl)+ fragment ion appeared after Al deposition, suggesting that some residual 

oxygen-containing functional group, potentially in hydroxyl form, remained unreacted. 

Ions that would have been indicative of Al penetration to the SAM-Au interface, such as 

AuxAlySz
-, AlSx

-, and AlS(CH2)x
+, were not found. This suggested that the CO2H 

functional group of the SAM was sufficiently reactive to prevent penetration. The peaks 

of AlO2
- and Al2O3

- were also not found, and this suggested that the Al atoms interact 

with the oxygen of the SAM, instead of removing them, to form metal-organic 

complexes. ToF-SIMS also showed that the metal-organic bonds had an Al-O-C 

structure. Comparing the peak areas of Alx
+ with Al thickness revealed that at low 

coverage, deposition consisted mostly of isolated Al atoms bound to the SAM. This 

proved that two Al atoms were bound to each SAM, with one Al atom per oxygen. Using 

the Alx
+ and Aux

- cluster data led the authors to conclude that a chemisorbed metal-

organic layer, followed by metallic over layers, formed as a result of Al deposition. Using 

XPS, Fisher et al. found that the methylene C 1s peak shifted to a lower binding energy at 

285.15 eV with increasing Al deposition, which was indicative of a higher electron 
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density on the carbon at the tail of the SAM. Initial Al deposition caused the O 1s peak to 

broaden at 532.90 eV, which suggested the presence of two oxygen species with close 

binding energies. As deposition increased, the peak became sharper at a lower binding 

energy of 532.50 eV. This implied that once the oxygen atoms reacted with the Al atoms, 

they occupied the same chemical state as the SAM but were different in composition. 

This, along with the loss of the carboxyl C 1s peak, suggested that the oxygen atoms of 

the SAM reacted with Al to form metal-organic complexes. Analysis of the Al 2p spectra 

revealed the gradual appearance of peaks that indicated the initial formation of metal-

organic species due to Al chemisorption with the oxygen of the SAM, followed by an 

intermediate premetallic region, and finished with metallic over layers. Infrared 

spectroscopy (IRS) showed that as Al deposition increased to about 1 Å, the intensities of 

the carbonyl bands at 1718 and 1741 cm-1 decreased until only 20-25% of the CO2H 

groups were unreacted. This suggested that 1.1 Al atoms are consumed by each 

functional group on the SAM. As Al deposition increased, the main-chain CH2 scissor 

deformation at 1471 cm-1 became more broad and defined. This conformational 

disordering of the alkyl chain may be due to the distortion of the CO2H groups by 

reaction with Al. Shifts and broadening by the C-H symmetric and antisymmetric modes 

also confirmed conformational disordering. After Al deposition, two new peaks appear, 

one at 1548 cm-1 and another at 855 cm-1. The former appeared immediately then 

decreased to a finite value, and this may be the antisymmetric C-O stretch of a CO2 

group. Because this absorption did not disappear, this may indicate that some of the SAM 

surface became isolated or screened from complete reaction with Al. The latter peak was 
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identified as an Al-O stretch, indicating the formation of Al-O bonds. The authors found 

that although the CO2H functional groups would react immediately with Al at low 

coverage, complete reaction of the CO2OH groups at high coverage did not occur. Fisher 

et al. attributed this non-reactivity to steric, chemical, and/or mechanistic effects. Al film 

morphology may have created steric barriers that protected or screened isolated CO2H 

groups. The Al atoms may also preferentially react with CO2H groups that were in a 

hydrogen-bonded state. Once this hydrogen bond was disrupted, the activation barrier for 

reaction with neighboring functional groups would increase and hence force subsequent 

Al atoms to nucleate at existing metal-organic locations. The authors offered three 

different structures for the SAM-Al reaction product. XPS suggested a symmetric 

structure with equivalent oxygen atoms due to the single O 1s peak after Al deposition. 

IRS also showed the presence of a carboxylate anion, as seen in an absorption band at 

1548 cm-1. 

1.2.2 Catalysts and Lack Thereof 

Catalysts play an important role in allowing electroless metals to bind to SAMs. The 

characterizations of conventional Pd/Sn catalysts as well as Sn-free Pd catalysts offer 

insight into the activation process. Cui et al. investigated the evolution of Pd/Sn catalysts 

in the electroless deposition of Cu (10). With increasing immersion time in commercial 

solutions of a Pd/Sn catalyst bath, colloidal particles depositing on an APTMS-covered 

glass substrate contained a Pd(0) metal core and a Sn(IV) shell, as based on quantitative 

XPS. SEM showed that nanoparticle agglomerates formed, and the detection of both 

SnNH+ and PdNH+ by SIMS confirmed bonding of these species to the aminosilane 
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layer. Immersion of the catalyst sample in a Cu ELD bath partially dissolved both Pd(II) 

and Pd(0) as well as Sn(IV) and deposited Cu. Moderate deposition times yielded the best 

adhesion based on tape tests because at high Pd coverage, the plating reaction was more 

rapid. Cui et al. proposed the generation of internal stress in the film as the cause. From 

their analyses, the authors proposed a model for Pd/Sn on the surface as a function of 

immersion time: 1) At 30 sec, the Pd/Sn coating is incomplete and free Pd(II) ions can 

coat the surface as well. This was confirmed by the presence of Pd(0) and Pd(II) using 

XPS, with Pd(II) thought to be due to PdCl2 in the catalytic solution or to Pd-N bonding. 

The SIMS peaks assigned to SnNH+ and PdNH+ indicated that the amine tails of the 

APTMS were still interacting with the Pd and Sn species. 2) At 2 min, more ions are 

displaced by the Pd/Sn colloids as confirmed by the increase in Pd(0) and Sn(IV) and 

decrease in Pd(II) using XPS. 3) At 8 min, the surface is fully covered by Pd(0) as 

confirmed by the presence of Pd(0) and Sn(IV) but not Pd(II) using XPS. This indicated 

Pd(II) ions were either displaced or attenuated by thick Pd/Sn colloid layers. The Pd/Sn 

surfaces were then subjected to electroless Cu deposition. After a 15 sec immersion, XPS 

showed that Cu was not present, Pd decreased, and Sn dramatically decreased, 

confirming that the Sn(IV) sheath dissolved to reveal Pd(0). After a 1 min immersion, 

only some Pd(0) remained and Sn(IV) was negligible. For a 5 min Cu immersion, tape 

test revealed that adhesion was best at a 2 min catalytic immersion time although when 

the coating thickness increased above 230 nm, adhesion failed. Based on their Pd/Sn 

model, Cui et al. believe that at short immersion times, such as 30 sec, catalytic coverage 

is insufficient and does not create enough contact points for Cu adhesion. At long 
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immersion times such as 8 min, a higher Pd concentration led to high levels of hydrogen 

bubbles and internal coating stress. Excess Pd/Sn could also lead to ineffective removal 

of Sn(IV) for Pd(0) exposure to Cu plating. 

Xu et al. examined the use of Sn-free Pd(II)-based nanoparticles to electrolessly deposit 

Cu onto a Si surface, thereby omitting the chemical etching and acceleration steps (7). An 

alcohol solution of 3-aminopropyltriethoxysilane (APTES) was coated onto Si wafers. 

AFM revealed a homogenous ultrathin layer of APTES with an RMS roughness of 0.048 

nm. A chloride-rich Pd(II) colloidal solution was then coated onto the substrate. AFM 

revealed a rougher RMS surface of 1.044 nm. TEM analysis of the colloidal particles 

showed an average of 6 nm, but AFM of the Si/APTES/Pd surface measured a particle 

size of 12 nm. This broadening may be due to the finite size of the AFM tip as well as the 

surface amine groups of APTES causing hydrolysis of the attached Pd(II) colloids, 

resulting in the formation of larger particles. AES confirmed the chemisorption of 

chloride-rich Pd(II) species onto the surface. When attempts were made to deposit the 

same Pd(II) catalyst solution onto clean Si wafers without APTES, AFM did not find any 

nanoparticles and AES showed no Pd and Cl peaks. This revealed that Pd(II) catalysts 

cannot physisorb onto Si surfaces, and that SAMs such as APTES play an important role 

in the selective anchoring of Pd(II) species to substrates. XPS showed that the N 1s peak 

shifted to a higher binding energy after Pd deposition, indicating a decrease in electron 

cloud density around the N atoms. This suggested the formation of chemical coordination 

bonds between the N atoms of APTES and the deposited Pd ions. XPS analyses of the Pd 

peaks show that the catalyst is bound to the substrate as Pd(II). Pd(0) is expected to act as 
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the  catalyst, and the lack of Pd(0) by XPS may be due to the quick conversion from 

Pd(0) to Pd(II) once exposed to the ELD solution. To confirm this explanation, the Pd 

catalyst was exposed to formaldehyde, the reducing agent used in the ELD bath. AES 

showed a lack of Cl compared to a Si/APTES/Pd sample, indicating the reduction of 

Pd(II) to Pd(0). XPS also showed a shift in the Pd 3d5/2 peak to a lower binding energy 

when exposing a Si/APTES/Pd sample to formaldehyde. This shift was assigned to PdO, 

which may be due to the re-oxidization of Pd(0) from air exposure or photoelectron 

bombardment during XPS scanning. Finally, the authors exposed the samples to a Cu 

ELD solution containing CuSO4 and formaldehyde. AFM showed a homogenous and 

pinhole-free surface with Cu particle sizes around 30 nm and an RMS roughness of 2.975 

nm. 

Dressick et al. investigated the use of oligomeric Sn-free Pd catalysts for electroless Co 

and Ni metal plating (18). Ultrathin films (UTFs) of 2-(trimethoxysilyl)ethyl-2-pyridine 

(PYR) , cis-(PYR)2PdCl2, phenethyltrichlorosilane (PES), and 4-

chloromethylphenyltrichlorosilane (CMP) SAMs were formed on silica and Si substrates. 

Aqueous Sn-free Pd(II) solutions containing chloride were created and buffered at a pH 

of 5.0 to 6.4. By removing the protective Sn catalyst, the authors were able to omit an 

acceleration step and improve selectivity. Catalytic solutions were chosen based on 

activity and selectivity. Active catalysts allowed PYR-treated wafers to form 

homogeneous Co mirror plates when electrolessly deposited. Inactivity by some of the 

catalysts was most likely due to the formation of Pd(II)-amine complexes that had 

insufficient lability to allow surface ligand binding. Lack of Co metallization on native 
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and thermal oxide Si wafers as well as on fused silica substrates were used to determine 

catalytic selectivity. Dressick et al. proposed a mechanism for the generation of stable, 

active oligomeric Pd complexes that are due to sequential hydrolytic chloride loss as well 

as chloro-/hydroxo-bridge formation. The Cl- and H+ equilibria in their formation 

equations allowed the authors to control oligomer formation and decomposition in the 

aqueous Pd(II) solutions. With a 0.10 M [Cl-] catalyst solution, metallization did not 

occur even after 3 weeks of aging the solution. Decreasing the [Cl-] to 0.02 M caused 

complete Co metallization in approximately 4 to 5 days. Decreasing the [Cl-] even further 

to 0.01 M allowed full activity within 1 day. However, the 0.01 M [Cl-] solution did 

precipitate after 8 days while the 0.02 M solution remained active. Lower [Cl-] allowed 

for quick solution maturation but higher levels provided longer solution lifetimes. The 

0.02 M [Cl-] solution reached catalytic activity after 4 to 5 days at a pH of 4.9 but when 

the pH was increased to 5.7, maturation occurred in approximately 2 days. Increasing the 

pH favored the increased production of deprotonated hydrolysis products, resulting in 

oligomer formation as expected by their proposed mechanism. Decreasing the pH of the 

catalyst solutions from 6.35 to 4.90 increased the minimum contact time required to 

complete the ELD of Co from 1 to 10 min, respectively. Aging a catalyst solution with a 

pH around 5.7 from 2 to 30 days slightly decreased the contact time from 3 to 2 min, 

respectively. After adding NaCl and aging a catalyst solution for 20 h, UV-Vis confirmed 

the presence of Pd(II) oligomers. Dressick et al. found that PES and CMP UTFs did not 

lead to electroless Co deposition while PYR did. The ability of the catalyst to bind with 

the substrate was due to the ligating functionality of PYR and not physisorption. UV-Vis 
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showed the uptake of Pd(II) oligomers by PYR, and the authors determined that ionic 

binding between Pd and PYR was minor when exposing catalyzed samples to NaCl. 

Exposing surfaces to HCl, on the other hand, revealed cis-covalent binding of PYR to Pd 

although not all the PYR N sites seemed to participate in binding with Pd(II). The 

covalent metal-ligand bonds are most likely due to the displacement of the labile terminal 

groups of the Pd oligomers. When a catalyst was deposited onto a clean wafer surface, 

XPS showed a lack of Pd, confirming the selectivity of the catalyst to bind only with 

PYR. When exposed to PYR and Pd, three Pd peaks were found by XPS at 339, 337.3, 

and 336 eV. The peak at 339 eV was assigned to the binding of Pd to PYR, the peak at 

337.3 eV was determined to be the chloro-bridged backbone of Pd to PYR, and the peak 

at 336 eV was assigned to oxo- or hydroxo-bridged Pd sites. When samples were further 

exposed to a CoCl2 ELD solution with DMAB as the reducing agent, a Pd peak at 335.2 

eV appeared. This was assigned to Pd in the zero valent state, and showed the conversion 

of the Pd(II) catalyst into Pd(0) by the Co ELD solution. UV-Vis, XPS, ellipsometry, and 

RBS were able to show the growth of Pd up to 100 min when deposited on a PYR 

surface. This may be due to Pd oligomers reacting with chloropalladium monomers or 

oligomers in the solution prior to reaching the surface. RBS determined that for a 

minimum contact time of 10 min, 1.1 x 1015 atoms/cm2 of Pd was necessary to initiate 

complete Co ELD on the surface. The average oligomer thickness was then determined to 

be about 20 to 25 Å. The authors were able to pattern PYR UTFs using deep UV 

exposure and demonstrated that the oligomeric Pd catalyst selectively bound to the 

ligating film and not the photolyzed surface. AES showed that the Pd present on the 
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surface corresponded to the mask pattern, indicating catalyst selectivity. The mean escape 

depth of the Auger electrons was determined to be 25 Å, and was consistent with the 

average oligomer thickness mentioned previously when assuming that Pd oligomers bind 

to the PYR surface. AES also showed that electroless Ni only appeared on the masked 

regions, confirming that the patterned Pd catalyst led to the selective ELD of Ni. 

ELD metals can also be directly deposited onto SAMs without the aid of catalysts. This 

seedless approach offers a more cost effective and less contaminating alternative to 

conventional catalysts. Zhu et al. developed a novel procedure for the selective 

metallization of electroless Cu without a catalyst present (12). NH2-SAMs were coated 

onto Si wafers using an APTES-in-toluene solution. Using UV irradiation and a 

photomask, NH2 terminals in the exposed zones decomposed to OH terminals due to Si-C 

cleavage. A CuCl2 solution containing DMAB as a reducing agent and sodium citrate as a 

complexing agent was then used to create high-resolution micropatterns of thin Cu films. 

The authors first investigated the reactions occurring in the ELD solution. Over time after 

mixing, the transparent blue solution would turn grass green and brown precipitates 

would form. This induction time was found to decrease with increasing pH of the 

solution. This difference in induction time suggested that changing the pH can control the 

oxidation-reduction reaction rate in the solution. Thin film XRD showed that a higher pH 

led to more pure Co deposition. At a pH of 7.3, only pure Cu was found. At a pH of 6.0, 

both pure Cu and Cu(I) oxide appeared. At a pH lower than 5.0, only Cu(I) oxide existed. 

At a high pH greater than 8.0, a black precipitate of CuO formed in the ELD solution and 

no film was deposited onto the substrate. Power XRD also confirmed the same 
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composition of precipitates in the varying pH solutions as deposited on the substrate. 

H3BO3 was used as an additive to slow the reducing activity of DMAB, thereby creating 

a stable suspension of fine colloidal Cu particles. Increasing the H3BO3 concentration 

greater than 0.3 M, however, would cause the formation of Cu(I) oxide instead of Cu 

metal. Zhu et al. then examined the selective deposition of Cu. Optical microscopy 

confirmed the high resolution micropatterning of Cu on APTES. AFM also found many 

tiny Cu particles on the NH2-SAM but few on the OH-SAM, with a Cu thickness of 110 

nm and a line width of 10 µm. Quartz crystal microbalance showed a rapid Cu weight 

gain on the NH2-SAM after 60 min of soaking, followed by saturation after 98 min. The 

Cu weight gain on the OH-SAM, on the other hand, increased very slowly. After 100 

min, selectivity no longer occurred as the entire substrate became covered in Cu. Using a 

two-electrode probe, the resistivity of the Cu film on the NH2-SAM was found to be 0.3 

mΩ-cm while no current flowed through the deposits on the OH-SAM. The resistivity of 

the Cu ELD film was higher than that of an electrochemical Cu film at 1.72 µΩ-cm and is 

possibly due to poor connectivity between the Cu particles. With a lack of catalyst, the 

authors believe that homogeneous nucleation is potentially triggered during a soaking 

time in the ELD solution to form colloidal Cu particles, and then these particles are 

electrostatically driven to selectively adhere onto the NH2-charged surface. Zeta potential 

measurements of the Cu film showed a strongly negative surface with an isoelectric point 

(IEP) at less than a pH of 3.0. While the IEP of OH-SAMs is about 3.0, the IEP of NH2-

SAMs is about 7.6. This was due to the NH2 head groups of APTES capturing protons 

from the ELD solution and converting to NH3
+, creating a positive surface. Therefore, 
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attractive forces allowed the negative Cu particles to adhere to the positive NH2-SAM 

surface while being repulsed by the negative OH-SAM surface. The Stern-Grahame 

electrical double layer theory also describes the interfacial interaction between Cu and the 

NH2-SAMs, with Cu particles adhering until the surface charge of the NH2-SAM is 

balanced in the Stern layer. 

Armini and Caro examined using electroless Cu absent of any heterogeneous catalyst to 

deposit on an APTMS surface that was used as a barrier layer to prevent Cu diffusion into 

the underlying dielectric (1). The Cu ELD solution contained DMAB as a reducing agent 

and was optimized by varying temperature, deposition time, Cu ion concentration and 

pH. SEM revealed that APTMS was required for Cu deposition when compared to a UV-

ozone treatment. The lack of deposition of the latter was attributed to the high mobility of 

Cu due to weak van der Waals forces between the Cu and O atoms from the surface. On 

the other hand, the N atoms from APTMS interact with Cu to limit its migration. Water 

contact angle showed no difference in values after APTMS was deposited on a thermally 

grown SiO2 substrate compared to a native SiO2 substrate. After Cu deposition, SEM 

revealed that temperatures below 50 °C inhibited Cu formation and Cu ion concentrations 

greater than 0.1 M created large Cu particles. The authors then annealed the electroless 

Cu-coated samples at temperatures ranging between 200 to 450 °C. Sheet resistance 

measurements revealed an average decrease of 3.7 Ω/sq after annealing. This was 

attributed to recrystallization and improved closure of the Cu film. Rs values were 

unstable at 450 °C and were due to APTMS barrier failure, leading to Cu silicide 

formation. Visual inspection of the samples confirmed Cu silicide formation at high 
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annealing temperatures.  Rs measurements also revealed that the Rs for a 60 nm Cu ELD 

layer was 10 times higher than a PVD Cu film of equivalent thickness. The authors 

suggested that impurities in the plating solution may be the cause. Adhesion 

measurements showed an increase in the interfacial debonding energy from 2.2 J/m2 

before anneal to 4.5 and 8 J/m2 after annealing at 300 °C and 450 °C, respectively. This 

confirmed the enhanced wetting of Cu onto APTMS through annealing. The authors 

believed the increased toughening at 450 °C was due to an increase in the number of 

strain-free siloxane bridges at the SiO2/APTMS interface. XPS analysis of Scotch tape 

tests showed that fracturing occurred at the APTMS/Cu interface before annealing. This 

fracturing agrees with bonding energies that describe Cu-N as weaker than Cu-Cu, C-C, 

and Si-O. XPS analysis of Scotch tape tests and four-point bending tests showed that 

fracturing occurred cohesively in the Cu layer after annealing. This fracturing is 

attributed to a thermally activated rearrangement of Cu atoms that resulted in stronger 

Cu-N interfacial complexes. No major delamination of the Cu surface was observed after 

the Scotch tape tests.  

Okabe et al. developed a process that enabled electroless Cu plating to occur on glass and 

ceramic substrates without using neither Pd as a catalyst nor a SAM layer (13). A TiCu 

film was formed on a Tempax glass substrate using a 1-hydroxy phenyl ketone (HPK) 

and TiCu complex solution. Using pyrolysis, the film was then sintered at 250-450 °C to 

form an oxidized film (TiCu-ox). The TiCu-ox film was then reduced with NaBH4 to 

form TiCu-red. Finally, a 0.15 µm conductive Cu layer was electrolessly deposited. TEM 

showed that the TiCu layer was 20-30 nm thick. XPS also showed that the Ti:Cu atomic 
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ratio of the HPK-TiCu, TiCu-ox, and TiCu-red films was 7:3, which was similar to the 

complex solution. After etching for 40 sec, the atomic ratio became 8:2. The authors 

believe Cu may have migrated to either the glass substrate or the film surface during 

pyrolysis. By FE-SEM, AFM, and TEM, the TiCu-ox surface appeared uniform and 

porous. The roughness of the glass substrate was 0.3 nm but after pyrolysis, the film 

roughness increased to 3.0 nm. TEM and EDS cross-section also showed uniform 

particles a few nm in size and uniformly distributed Ti and Cu in the TiCu layer. 

Electroless Cu plating was attempted on the TiCu-ox film with no success. After 

reduction, the TiCu-red film contained superficial 2-50 nm crystallite structures and 

roughness increased to 5.3 nm, as determined by FE-SEM, AFM, and TEM. TEM and 

EDS further showed Cu crystallites a few nm in size embedded in the TiCu-red film and 

larger 10-50 nm pyramidal Cu crystallites on the surface. Without using Pd, the TiCu-red 

film was able to serve as a catalyst for electroless Cu plating. Blisters formed on the Cu 

films above a bath pH of 12.0, while none formed at or below a pH of 12.0. TEM and 

EDS also showed that the Cu crystallites in and on the TiCu-red film no longer remained 

and that Ti and Cu appeared uniform in the TiCu interface. After drying at 120 °C for 10 

min, a cross-cut test showed no delamination, indicating good adhesion. Adhesion was 

attributed to an anchor effect, where initial Cu deposition occurred inside the pores of the 

TiCu-red layer. To determine adhesion strength by vertical peel test, a 15-20 µm Cu film 

was electroplated on the electroless Cu layer. Due to adhesion failure, the Cu films were 

annealed at 250-450 °C before testing. A maximum adhesion strength of 0.5 kN/m was 

achieved when the films were sintered at 250 °C and annealed at 400 °C. When sintered 



31 
 
at 250 °C and 350 °C and annealed at 450 °C, the adhesion was slightly lower. As shown 

by SEM, samples sintered at 250 °C had smooth delaminated surfaces. Samples sintered 

at 300 °C or higher had crater-like irregularities and fine particles on the glass side while 

the reverse morphology was displayed on the Cu side. Elemental XPS analysis also 

showed an increase in Ti and Cu on the glass side as the annealing temperature increased. 

The increase in adhesion after annealing was attributed to the reformation of chemically 

bonded intermetallic compounds in the TiCu layer, as well as to the re-fusion of the glass 

substrate to the TiCu layer that was chemically damaged during plating. 

1.2.3 Components of an Electroless Metal Bath 

Besides the catalyst employed, the parameters of an electroless bath (such as pH, Co ion 

concentration, reducing agent concentration, and complexing agent concentration) can 

greatly affect the electroless metal that is deposited. Yu et al. investigated the effect of 

pH on the deposition rate and thickness, structure and morphology, and magnetic 

performance of electroless CoP films (2). CoP thin films were deposited onto Cu 

substrates from an ELD bath containing CoSO4 as the source of Co ions, sodium 

hypophosphite as the reducing agent, and potassium sodium tartrate tetrahydrate as the 

complexing agent. No Pd catalyst was used in their procedures. The deposition rate was 

found to increase when the pH was increased from 8 to 10, reaching a maximum 

deposition rate of 28 mg/h at a pH of 10. The deposition rate then declined at a pH of 10 

to 12. From a pH of 8 to 10, the Co content slowly increased while the P content slowly 

decreased. Then from a pH of 10 to 12, the components reversed more dramatically.  The 

decrease in deposition rate and hence decrease in Co content at higher pH values may be 
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due to hydroxide deposits. The thickness of the CoP film increased from 1.6 to a 

maximum of 2.5 µm at a pH of 8 to 10, then decreased to 2.1 um at a pH of 11.  From a 

pH of 8 to 11, the roughness of the films increased from 126.38 to 439.39 nm. XRD 

revealed the presence of HCP-Co(002), indicating crystallinity. As the pH increased from 

9 to 11, the Co(002) peak increased in intensity, showing that crystallinity improved as 

the pH rose. The Co(002) peak also broadened, which may be due to the increase in P 

content that is entering the Co matrix and decreasing the grain size. Using the Debye-

Scherrer equation, the average grain size was determined to be 58 to 32 nm from a pH of 

9 to 11. SEM revealed that CoP films at a pH of 9 had typical spherical nodular 

structures. At a pH of 10, the surface morphology became denser. At a pH of 11, the CoP 

films showed rough and large agglomerated structures comprised of smaller particles. 

This confirmed the high roughness mentioned previously. Using a Vickers hardness 

tester, the authors found an increase in hardness with increasing pH, and attributed the 

increase to the higher P and hydroxide content gathering in the grain boundaries. Using a 

vibration sample magnetometer, the coercivity and saturation magnetization were found 

to be approximately 28 kA/m and 75 Am2/kg, respectively, at a pH of 8 to 10. The 

coercivity increased to 50 kA/m when the pH increased from 10 to 12, and may be due to 

the increase in P content. P may have gathered in the grain boundaries, limiting domain 

wall movement and thereby increasing coercivity. P may also have embedded into the Co 

matrix, decreasing grain size and hence increasing coercivity. The saturation 

magnetization decreased when the pH increased from 10 to 12, and this was attributed to 

a decline in Co content due to hydroxide deposits. 
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Tarozaite et al. examined the electroless deposition of Co using morpholine borane (MB) 

as a reducing agent (14). Co ELD films were deposited onto Si/SiO2/25 nm Ta/100 nm 

Cu stacks in a neutral pH solution using CoSO4 as a metal source and glycine as a 

complexing agent at a bath temperature of 30 °C. By increasing the solution pH from 6.0 

to 8.0, the authors found that the Co deposition rate increased from about 0.1 to 0.45 

mg/cm2/10 min. This may be due to the acceleration of OH- ions in the anodic oxidation 

of B from the reducing agent. By increasing the pH from 6.6 to 8.0, the Co content 

gradually increased from about 89.5 to 92.5 at% while the B and O content decreased. 

The Co reduction reaction appeared to be in competition with the B reduction reaction 

and their incorporation into the film. When the MB concentration was increased up to 0.1 

mol/L, the Co deposition rate also increased. The Co content decreased from about 94.5 

to 91 at% while the B and O content increased. By increasing the CoSO4 concentration, 

the Co deposition rate increased dramatically from about 0.16 to 0.38 mg/cm2/10 min up 

to a CoSO4 concentration of 0.10 mol/L, and then decreased slowly to about 0.31 

mg/cm2/10 min at 0.20 mol/L. The decrease in the deposition rate at high Co(II) 

concentrations may be due to a lack of glycine available to form active Co(II)-Gly 

complexes as well as the inability of the complex to adsorb onto the surface because of 

the high concentration of ions in the solution. The Co content increased dramatically 

from about 89 to 92.75 at% up until 0.05 mol/L of CoSO4, then the content slowly 

decreased to about 91 at% at 0.20 mol/L. The B and O content followed opposite trends 

as the Co content. The B and O content decreased as the Co content increased but then at 

0.05 mol/L, the B and O content increased as the Co content decreased. When the glycine 
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concentration was increased from 0.00 to 0.10 mol/L, the Co deposition rate increased 

dramatically from about 0.05 to 0.35 mg/cm2/10 min. The deposition rate would then 

decrease slowly to about 0.275 mg/cm2/10 min at 0.20 mol/L. Without glycine, the 

efficiency of the Co deposition was extremely low. The Co content increased from 65 to 

90 at% until a glycine concentration of 0.10 mol/L, at which point the content stabilized. 

The B and O content decreased until 0.10 mol/L and stabilized as well. The B content 

was nearly nonexistent at high glycine concentrations. Overall, Co deposition was slow 

when the pH, CoSO4 concentration, and glycine concentration were low.  The B and O 

contents followed similar trends, where they both decreased with decreasing pH and 

glycine concentration but increased with increasing MB concentration. Using XPS, 

Tarozaite et al. showed that two B species existed in the Co films when B and O contents 

were high and Co content was low. These species were assigned to elemental B at 187.7 

eV and a boron-oxygen compound at 193 eV, such as B2O3 or H3BO3. The highest 

amount of elemental B and its oxygen compound were found when no glycine was used, 

and hence the Co reduction was slow. As the glycine concentration increased, elemental 

B gradually disappeared. This may be due to an increase in the formation of the Co(II)-

Gly complex, accelerating Co reduction and therefore inhibiting B reduction. Oxygen 

was found in all samples even though film analysis was performed at depths of 20-40 nm. 

In the anodic oxidation of DMAB as a reducing agent, B(OH)4
- is eventually formed and 

the catalytic activity of Co is potentially caused by its desire to accept electrons. This 

mechanism may also be valid for MB. Therefore, the boron-oxygen compounds may be 

involved in the Co deposition process, and oxygen may always be present with boron. 
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Comparing Co samples without glycine and 15 at% B with that of 0.2 mol/L glycine and 

less than 1 at% B, SEM showed similar film structures. Crystallinity was also not 

apparent. 

Saito et al. fabricated electroless Ni-B, Co-B and Ni-Co-B alloys using DMAB as the 

reducing agent and investigated how various kinetic aspects were affected (22). Cold-

rolled steel substrates were activated with Pd then immersed in an ELD bath containing 

DMAB and either sodium tartrate, sodium citrate, sodium malonate or succinic acid as 

the complexing agent. Alloy deposition rates were determined by weight gain after 1 hr 

of plating as well as by the current density at the mixed potential, and alloy compositions 

were analyzed by XRF and atomic absorption spectroscopy. The authors first examined 

the Ni-B and Co-B films. They found that complexing agents that had low stability 

constants resulted in higher Ni-B deposition rates. An excess of complexing agent also 

decreased the Ni-B deposition rate due to a decrease in free Ni ions. The B content of the 

Ni-B alloys ranged from 3 to 6 wt% and decreased with increasing deposition rate. Co-B 

alloys showed the same B content and deposition rate pattern although the absolute 

values were notably smaller than the Ni-B films. This may be because the catalytic 

activity for DMAB oxidation and the tendency for boride formation were smaller. 

Formation enthalpies for Ni3B and Co3B at -132.8 kJ/mol and -66.9 kJ/mol, respectively, 

indicate easier Ni-B formation and higher stability. Increasing the bath pH resulted in 

increased Ni-B and Co-B deposition rates. This may be due to the enhanced oxidation of 

DMAB. Increasing the pH had little effect on the B content of the Ni-B films (5.2 wt%) 

while the content of the Co-B films increased minimally from 2.2 to 2.8 wt%. When the 
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reducing agent concentration was increased from 0.025 to 0.10 M, the deposition rate and 

B content of the films also increased. At 0.075 M DMAB, the B content reached a 

plateau. Saito et al. also examined the crystal structure of the alloys after heat treatment. 

Prior to heat treatment, XRD showed amorphous alloy structures. After heat treatment, 

crystallization was confirmed by the appearance of boride diffraction lines. The authors 

noted that a higher B content led to a higher crystallization temperature and more 

amorphous structures. Co-B films crystallized at a higher temperature of 500 °C than Ni-

B films at 300 °C, and this agreed with the formation enthalpies mentioned previously. 

Saito et al. also examined Ni-Co-B films. Increasing the Ni content increased the Ni-Co-

B deposition rate and B content. The increase in B content was due to the difference in 

formation enthalpies of Ni-B and Co-B as discussed earlier. The Ni/Co ratio of the films 

was found to be greater than the Ni(II)/Co(II) ratio of the ELD bath, indicating the 

preferential electrochemical deposition of the less noble Co metal. This preferential Co 

reduction is attributed to low overvoltage. Increasing the pH of the ELD bath caused a 

linear increase in the deposition rate. The deposition rate at a pH of 7.5 was ten times that 

at a pH of 5.0. Similar to the Ni-B and Co-B films, this was due to enhanced oxidation of 

DMAB. B and Ni content also increased with increasing pH. This once again agreed with 

formation enthalpy data. 

Additives can also be introduced during the ELD process to impart desired deposition 

results. Bird et al. examined the effects of using organic additives for the electroless 

plating of conductive metal on nonconductive substrates (5). Plasma-cleaned non-coated 

SiO2 substrates were compared with vapor-deposited APTES on SiO2 substrates. Some 
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substrates were pretreated with the additive in an aqueous solution, followed by seeding 

using a PdCl2 solution at a pH of 1.15 and around 22 °C. The remaining substrates were 

seeded then followed by an aqueous treatment with the additive. Electroless Pd 

deposition was then performed on all samples using a PdCl2 solution at a pH of 10.4 and 

a sodium hypophosphite reducing agent. Duplicate samples were immersed in the plating 

solution for various times ranging from 1 to 30 min. Seven additives were initially 

selected although only four of the additives, 3-mercapto-1-propanesulfonate acid (MPS), 

1,3-propanedisulfonic acid (PDS), sulfanilic acid (SA), and 3-N,N-

dimethylaminodithiocarbamoyl-1-propanesulfonic acid (DPS), showed qualitative effects 

on Pd plating. These four additives have either thiol or sulfonate functional groups that 

are commonly used as additives for electroplating. The nucleation density after 20 min of 

Pd plating was determined using SEM. PDS-treated samples showed the highest 

nucleation density at 5.00 x 102 nuclei/µm2. Surface conductance was determined using 

four-point probe measurements as a function of plating time and additive used. While 

samples treated with PDS increased in conductance, samples pretreated with MPS had a 

conductance plateau. This may be due to MPS creating an inhibition effect. PDS-

pretreated and DPS-pretreated samples did not show any conductance until 30 min of 

plating. Using height measurements made by AFM and the surface resistance, 

conductivity was determined. PDS-treated samples showed the highest conductivity at 

8.16 x 106 S/m, which agrees well with Pd bulk conductivity at 10.5 x 106 S/m. 

Selectivity was determined by the ratio of the nucleation density of APTES-coated 

substrates to those without APTES, as would be expected for a patterned surface 
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containing both APTES and SiO2 areas. PDS-treated samples showed the highest 

selectivity for all plating times. Average height measurements showed that the PDS-

treated and MPS-pretreated samples increased in plating height for the entire plating 

time. Both samples initially grew quickly then leveled off over time. This decrease in 

deposition rate may be due to the consumption or degradation of the additive during 

plating. The surface concentration of the additives may also be decreased due to an 

increase in Pd surface area. Surface morphology was examined using SEM. On MPS-

pretreated samples, crystallites began to grow, form a monolayer, and then began filling 

and stacking, creating a uniform layer. The crystallites appeared to be single spherical 

crystals with diameters of 10-30 nm. On the PDS-treated samples, smaller seeds grew at 

the expense of the larger crystallites, eventually creating uniform clusters. This may be 

due to the surface concentration of the additive causing accelerated plating. As the seeds 

grew larger, the surface concentration decreased, causing its growth rate to slow. Smaller 

crystallites would therefore grow faster than larger crystallites. The PDS-treated 

crystallites appeared to be spherical with diameters of 30-80 nm. DPS-treated and SA-

treated samples did not show nucleation or metallization. Comparing the four additives as 

a pretreatment, MPS increased metallization the most by forming a continuous monolayer 

of crystallites less than 20 nm thick. PDS and DPS were less effective and SA was least 

effective.  Comparing the four additives as a treatment, PDS increased metallization the 

most by having the highest selectivity and highest conductivity that approached bulk Pd 

metal. MPS and PDS showed the greatest effect on the electroless seeding and plating of 

conductive Pd with their ability to increase conductivity, increase selectivity, and 



39 
 
uniformly metalize an APTES-modified nonconductive surface with nanoscale Pd 

deposits. 

Nelson et al. investigated the use of MPS as an additive to improve the plating density of 

Pd and Cu (23). To analyze the effectiveness of MPS, Si wafers were vapor-dosed with 

APTES then treated with either MPS or PDS. XPS showed a peak split in the N 1s 

spectra, caused by ionic bonding between the amine group of APTES and the 

deprotonated sulfonic acid group of the additives. The surfaces were then seeded with Pd. 

As determined by XPS, the PDS Pd/N ratio of 0.36 was lower than the 0.42 ratio of 

APTES without an additive, indicating that the two sulfonic acid groups on PDS do not 

interact significantly with Pd ions. On the other hand, pretreating the surface with MPS 

resulted in a 74% increase in the Pd/N ratio from 0.42 to 0.73.  This showed that both the 

thiol group of MPS and the amine group of APTES play a role in Pd ion adsorption. The 

S/N ratios also decreased after Pd deposition, from 1.9 to 0.6 for MPS and from 0.3 to 0.2 

for PDS, indicating that Pd ions compete with the sulfonic acid groups to bind with the 

amines. Nelson et al. then created an amine template by: 1) passivating a Si wafer with 

octadecyltrichlorosilane, 2) using AFM tip-directed nano-oxidation to create a pattern, 3) 

selectively depositing PAAm, an amine-functionalized polymer, 4) treating with MPS, 5) 

seeding with Pd, and 6) metalizing with Cu ELD. SEM images showed that with MPS, 

continuous selective metallization was feasible at various line widths. MPS enabled 

metallization five times smaller than without MPS, reducing the pattern width from 500 

nm to less than 100 nm. Attempts were made to use APTES instead of PAAm but a high 

level of non-selective metallization occurred. SEM images comparing APTES/Pd/Cu 
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surfaces with and without MPS showed that MPS resulted in a significant increase in the 

uniformity and density of Cu. 

1.2.4 Electroless Metal Deposition on Substrates 

Electroless deposition allows metals to be plated onto nonconducting substrates such as 

glass and silicon without the need for an electrical current or a conductive layer. Cui et al. 

electrolessly deposited Cu onto a glass substrate using APTMS and a commercial Pd/Sn 

catalyst then examined the morphology, deposition rate, and electrical properties of the 

Cu film (20). Without the APTMS layer, the Pd/Sn catalyst would not adhere to the glass 

surface. With the SAM layer, uniform catalyst coverage was achieved. The authors also 

examined a variety of parameters to obtain the best adhesion and improved coverage of 

the Cu film. SEM and AFM showed Cu roughness (6.4-12.6 nm) and grain size (48-80 

nm) increased with plating time (1-5 min), and in turn, with thickness (52-175 nm). 

Particle distribution was uniform and fine, and surface morphology was deemed good. 

The authors determined that the main mechanism for the Cu microstructure evolution 

begins with the grain growth of Cu forming around the Pd/Sn particles, then forming 

islands until the clusters impinge on each other and are forced to form a continuous film. 

This method of growth results in less grain boundaries appearing as the plating time 

increases. Using SEM, Cu thickness measurements revealed a high initial deposition rate 

that eventually slowed to a constant rate when the thickness increased beyond 100 nm. 

With a low deposition rate of about 200 nm in 30 min, no obvious voids were noticed and 

coverage was determined to be good. Based on the previously mentioned mechanism, the 

Pd/Sn catalyst was able to provide nucleation sites for the Cu particles to react at the 
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beginning, resulting in the high deposition rate. Once the nucleation sites were covered 

by the Cu ions, the deposition rate dropped. Cui et al. noted that Cu deposition was 

difficult to begin below a bath temperature of 30 °C, and that at 50 °C, the rapid reaction 

caused weak adhesion of Cu to the glass substrate. This showed that the deposition rate 

was strongly affected by temperature. The authors also found that the deposition rate 

varied greatly depending on the substrate used. Using a porous FR4 substrate resulted in 

a deposition rate of 1.7 µm in 30 min. Nucleation sites were easier to create on this 

different substrate compared to the glass substrate. Using the four-point probe method, 

Cui et al. were able to obtain good Cu ELD conductivity, rivaling the high quality Cu 

films created by ion beam deposition. At a Cu thickness less than 17 nm, resistivity was 

very high and decreased rapidly with increasing thickness. At approximately 80 to 100 

nm, the resistivity began to level out and stabilize at 3.5 µΩ-cm, which is about twice that 

of bulk Cu at 1.67 µΩ-cm. This resistivity change corresponded to a change in the plating 

rate as discussed previously. The relatively low resistivity was attributed to the dense film 

and lack of many grain boundaries and defects. When the films were annealed, no 

decrease in resistivity was observed as found in other literature. The authors also noted 

that their films had better conductivity than Si/NH2-SAM/150 nm ELD Cu and PET/SH-

SAM/100 nm ELD Cu at 300 µΩ-cm and 12 µΩ-cm, respectively. 

Cheng et al. characterized the electroless deposition of pure Co films on Si substrates (6). 

The substrates were pre-sensitized in a SnCl2 solution, exposed to a catalytic PdCl2 

solution, and then deposited with electroless Co at 30-45 °C and at a pH of 12.2 using a 

CoSO4 source and hydrazine as the reducing agent. The ELD of Co followed the 
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electrochemical mechanism, although reaction was not found to occur when the pH was 

less than 11. Planview TEM showed that the Co film had fine equiaxial grains 30 to 100 

nm in size. Selected-area electron diffraction displayed sharp diffraction rings that 

matched well with the diffraction from various planes of Co. This suggested that the Co 

grains had no preferred orientation and was polycrystalline. High-resolution TEM 

showed lattice fringes spaced 0.202 nm apart, corresponding to the interplanar spacing 

for the (0 0 0 2) lattice plane of pure hexagonal Co crystals and indicating high Co 

crystallinity. EDS revealed that the Co deposition was composed of pure Co with no 

impurity signals detected. A line-scan profile across the film displayed a uniform 

distribution of Co. Cross-sectional TEM showed that the Co initially formed as island-

like particles measuring several tens of nanometers. As the dosing time increased, the Co 

islands would grow and coalesce with neighboring particles to form a dense and 

continuous film. This behavior corresponds to the mechanism of nucleation and growth. 

Co thicknesses increased with increasing bath temperature, ranging from 70 nm to 180 

nm. By comparing Co thickness with deposition time, linear deposition rates were found 

for each temperature, increasing exponentially with temperature from 7.3 nm/min to 12.6 

nm/min. This showed that Co thickness could be easily controlled by modifying the bath 

temperature or dosing time. With these deposition rates and an Arrhenius plot, the 

activation energy was determined to be 32.5 kJ/mol. This value was lower than those 

reported in other literature, but the discrepancy may be due to a difference in Co 

electrolytes and reductants used. One paper showed that the activation barrier for 

electroless Co-based deposition using hydrazine as the reducing agent was lower than 
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that using DMAB or sodium hypophosphite. When the ELD bath temperature was 

increased above 50 °C, the solution turned turbid, which implied that Co reduction 

occurred in the solution at high temperatures. An SEM of a Co film at a high temperature 

of 50 °C displayed a rough film with numerous tree-like Co dendrites on the surface, 

showing that temperature control is crucial to creating smooth and continuous pure Co 

films. 

Chen et al. used ultrasonication to successfully plate uniform electroless metals into 

through-silicon vias (TSVs) without the need for chemical additives (3). Si wafers were 

deposited with SiO2, hydroxylated, then silanized with APTMS in toluene. The APTMS 

surface was then functionalized in an SC-1 solution for use as a seed-trapping layer for 

the Ni nanoparticles. A barrier layer of Co(P) or Co(W,P) was then electrolessly 

deposited for planar analysis or via filling, respectively. Vias were then electrolessly 

plated with Cu. Agitation by magnetic stirrer or ultrasonication during electroless 

deposition of the metals was investigated. The authors used sessile drop measurements to 

show that the water contact angle of the as-received SiO2 wafers was 50°. After 

hydroxylation with an SC-1 treatment, the angle decreased sharply and leveled off at 5°. 

The high hydrophilicity implies that the surface was successfully hydroxylated with 

silanol groups. XPS was used to examine the APTMS surfaces. The N 1s spectrum of the 

pristine APTMS surface without an SC-1 treatment after APTMS deposition showed that 

the percentage of –NH2 groups was 88%, implying that the SAM was fully aligned 

because the higher the percentage, the greater the degree of ordering.  Comparing the N 

1s spectra of the pristine APTMS surface and the heavily ablated APTMS surface with 
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the 30 sec SC-1 treatment after APTMS deposition revealed that the SC-1 treatment 

decreased the total integrated intensity of the N 1s peak by 75%. This indicates that a 

large amount of the molecular chains of APTMS was etched away by the SC-1 solution. 

The O 1s spectra confirmed the removal of the monolayer by the reappearance of the Si-

O-Si peak associated with the SiO2 substrate at 532.7 eV and the decay of the Si-O-Si 

peak associated with APTMS at 531.6 eV. Comparing the O 1s spectra for the pristine 

APTMS surface and a moderately ablated APTMS surface with a 10 sec SC-1 treatment 

after APTMS deposition revealed that the SC-1 treatment caused a reduction in the 

intensity of the SAM’s Si-O-Si linkages at 531.6 eV and produced a new peak at 531.1 

eV, which was attributed to the Si-OH hydrophilic bond from the cleavage of the SAM’s 

Si-O-Si linkages. Sessile drop measurements also showed a decrease in water contact 

angle from 67° at a constant rate of 2°/sec when functionalizing the APTMS surface with 

SC-1, further confirming that hydrophilic groups were created. A comparison of the N 1s 

peaks revealed that the total integration of the N signals remained the same, implying that 

that treatment does not cause cleavage of the Si-O-Si “vertical” bonds between the SiO2 

and APTMS molecular units. Chen et al. surmise from their XPS analyses that a 

moderate 10 sec SC-1 treatment causes the Si-O-Si “parallel” bonds to partially cleave 

and that the protons in the surface Si-OH groups detach, creating a negatively charged 

surface that is able to attract Ni2+ aqua ions. Top-view SEM was used to examine the 

degree of functionalization on the surface after Co(P) deposition. A pristine APTMS 

surface showed that Co(P) deposits only covered 25% of the substrate. Particle counting 

also measured a Ni seed density of only 9 × 1013/m2. These results suggest a lack of seed-
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adsorbing functional groups on the pristine surface. On the opposite end, a heavily 

ablated sample resulted in island-type morphology and slight improvements of 42% 

Co(P) coverage and a seed density of 2 × 1014/m2. A moderately ablated APTMS surface 

showed that the sample was completely covered by Co(P). The authors found that 

annealing the Co(P) barrier layer resulted in increased adhesion strength and reduced 

electrical resistivity. With a 300°C anneal, adhesion strength increased substantially from 

42 to 70 MPa, which was attributed to the relaxation of internal stresses during the 

annealing process. After a 450 °C and even a 500 °C anneal, adhesion strength remained 

the same as if annealed at 300 °C. Electrical resistivity dropped sharply from 104 µΩ-cm 

without anneal to 28 µΩ-cm at 500 °C, implying crystalline improvements and removal 

of crystalline defects in the barrier layer. Cross-sectional SEM was used to examine the 

deposition layers in the vias. Blind vias that were deposited with Co(W,P) in a 

mechanically agitated ELP solution showed a decrease in barrier layer coverage as the 

bottom of the via was reached. This suggests that the chemical species in the plating 

solution have insufficient transportability to penetrate the high aspect ratio vias, resulting 

in reduced deposition rates and nonuniform coverage along the via walls. When 

ultrasonication was used during barrier layer deposition, SEM showed that the Co(W,P) 

layer on the TSV walls ranged from 40 nm at the top to 36 nm at the bottom, indicating 

good uniformity and coverage. Further electroless Cu deposition using ultrasonication 

created seam/void-free Cu that completely filled into the vias. Chen et al. were able to 

show that optimal functionalization of APTMS with an SC-1 treatment improved seed-

adsorption capacity, which in turn yielded continuous barrier layers with high adhesion 
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strength and low electricity resistivity. These barrier layers allowed for seam/void-free 

Cu plug filling into high aspect ratio TSVs using ultrasonication, achieving via filling 

through a combination of conformal and bottom-up plating.  

Electroless metals can also be deposited onto curved surfaces, such as on the interior and 

exterior of carbon nanotubes. Li et al. developed a method to create and fill arrays of 

open-ended carbon nanotubes and use nanoscale ELD to deposit Ni and Co metal onto 

the interior of the tubes (11). Porous anodic aluminum oxide (AAO) templates were 

electrochemically made, resulting in uniform, parallel pores of controllable diameter and 

length. A nanoparticle of either Fe or Co was then electrode-deposited at the bottom of 

each pore to serve as a catalyst for nanotube formation. The open-ended nanotubes were 

grown inside each pore by catalytic pyrolysis of acetylene then annealed. TEM images 

showed that the catalyst particles remained at the bottom of the pores during the pyrolysis 

reaction. While the mechanism for nanotube growth was unclear, the authors believed the 

Co catalyst may initiate the decomposition of acetylene. SEM images of the carbon 

nanotubes showed that the pore diameters increased slightly after annealing. This is most 

likely because of morphological changes in the AAO templates due to water loss as well 

as chemical changes in the AAO. Nanotube diameters measured 50 nm at room 

temperature but once annealed, reached 60 nm. Nanotube lengths were measured and 

found to be 8 µm, which corresponded to the length of the AAO templates. Electron 

diffraction patterns showed an interlayer separation of 3.45 Å, which is slightly higher 

than the interplanar distance of graphite at 3.35 Å. This suggested that the nanotubes had 

an ordered graphitic structure. TEM showed the nanotube wall thickness to be 3-4 nm, 
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resulting in approximately 10 graphitic layers. After the open-ended nanotubes were 

formed, Ni or Co was electrolessly deposited onto the interior of the tubes. The location 

of the Ni deposits was found to be temperature dependent. Deposition occurred mainly in 

the interior of the nanotubes between 30-40 °C while Ni was found mostly on the surface 

of the AAO template between 70-90 °C. To improve Ni deposition, 0.5 g/L of 

quinhydrone was added as a pH buffer. This buffer potentially functioned as a surfactant 

to improve wetting as well as penetration of the ELD solution into the nanotubes. The 

successful deposition of Ni without a Pd or Sn catalyst may be because the interior 

surface of the nanotubes is active enough to initiate ELD.  Small quantities of P or B 

were present in the Ni deposits due to the use of hypophosphite or DMAB, respectively, 

as a reducing agent. When using hypophosphite, P content was 6 at% with 5 nm grain 

sizes. EDS showed an average Ni/P atomic ratio of 94:6. TEM images showed that the 

Ni-P deposits were polycrystalline, with crystallite sizes ranging from 3 to 5 nm. Electron 

diffraction patterns found diffraction spots corresponding to Ni(1 1 1) and Ni(2 2 0) 

reflections and a lattice constant of 3.56 Å was determined. The lattice constant for FCC 

Ni is 3.52 Å, and the increase in the Ni-P lattice constant was attributed to the P 

impurities. Co ELD using hypophosphite or DMAB also resulted in P or B content, 

respectively. Compared to Ni plating, Co ELD required higher temperatures for 

successful deposition. When using hypophosphite, a 70 °C bath was required. When 

using DMAB, a bath at 40-50 °C and a pH of 5.5 were necessary. TEM showed that Co 

ELD using hypophosphite resulted in small needle-like discontinuous crystals that grew 

perpendicular to the nanotube wall although continuous particles of up to 3 µm were also 
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found. For Co ELD using DMAB and Ni ELD using either reducing agent, the deposits 

were discontinuous and polycrystalline. This was attributed to contaminants in the ELD 

solution that most likely prevented the Ni and Co metals from forming continuous 

nanowires. 

Chen et al. created a method to form 1D nanoscale composites by plating cobalt onto the 

exterior surface of carbon nanotubes using electroless deposition (16). Carbon nanotubes 

were created by decomposing acetylene over mesoporous silica containing catalytic Fe 

nanoparticles. SEM and TEM showed that these nanotube templates had a diameter of 

10-30 nm and consisted of about 10 concentric shells of carbon sheets with inner and 

outer diameters of 4.5 and 14 nm, respectively. TEM also showed that the nanotubes 

were relatively pure and well graphitized. The nanotubes were then etched and oxidized 

with an acidic CrO3 solution to increase the wettability of the surface and hence, the 

number of activated sites. Afterward, the nanotubes were subjected to surface activation 

using a Sn solution followed by a Pd solution. SEM and TEM showed that Pd/Sn 

activation sites were formed as non-uniformly distributed aggregates. This is most likely 

due to the large curvature of the nanotubes, causing lateral growth that was unable to 

form a continuous layer. Co ELD was then performed using a CoSO4 solution and a 

sodium hypophosphite reducing agent. SEM and EDS showed that Co/P formed as 

spherical grains which tended to aggregate as nanoparticles and resulted in voids and 

gaps. Similar to the Pd formation, the aggregates may be due to the high curvature of the 

nanotubes. Incomplete coverage of Pd would also cause Co to form discontinuous 

deposits. SEM showed that changing the pH of the ELD bath influenced the Co reaction 
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rate. At pH values greater than 10, the deposition rate was so high that aggregation was 

more serious. When the pH was lower than 8, the reaction rate was so slow that SEM was 

unable to confirm that deposition occurred. Co plating was most ideal when the 

deposition rate was low, thereby minimizing aggregation. SEM showed that increasing 

the Co reaction time increased the coating thickness which led to large grains that 

ensured several points of contact to form a continuous film. While gaps and voids 

decreased using this method, the diameter of the Co-coated nanotubes increased. The 

authors found that an effective method to improve Co coverage was by heat treatment at 

600 °C after Co ELD. SEM showed that the nanotubes were completely covered by a 

smooth and dense layer of recrystallized Co. Voids and gaps were reduced or eliminated, 

and the diameter of the nanotubes did not increase. Using a vibrating sample 

magnetometer, Chen et al. determined hysteresis curves for the Co-coated nanotubes. The 

coercive force was found to be 1235 Oe, which was notably higher than the force 

obtained for Co microscale particles at 10 Oe. Due to their high magnetic coercivity, 

these Co-coated nanotubes could be used for high-density magnetic recording and 

microscopic-scale magnetism research.  

1.2.5 Applications of Electroless Metal Deposition 

The electroless deposition of metals offers a variety of applications, including use as 

recording media. Wang et al. examined the properties of electroless ferromagnetic Co-P 

thin films for potential use as recording media for high performance magnetic rotary 

encoders in industrial and automotive applications (19). A 60 mm diameter Al-Cu alloy 

multi-pole magnetic drum was used as the substrate. A 20 µm Ni-P coating was 
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chemically plated onto the circumference of the drum. A CoSO4 ELD bath with 

hypophosphite reducing agent was then used to electrolessly deposit Co onto the surface. 

XRD showed that Co-P films of varying thicknesses had an HCP structure. TEM further 

confirmed that the Co grains had an HCP structure with the c-axis in plane. Field 

emission SEM of a Co-P layer revealed a 300 nm thickness with a dense and crack-free 

film. XPS showed that Co and P co-existed in their elementary states without forming 

compounds or phosphides. TEM also showed that amorphous P was present at the Co 

grain boundaries, and selected area electron diffraction confirmed that the Co-P film was 

polycrystalline. Using an alternating gradient magnetometer, the Co-P hysteresis loop 

measured a coercivity of 570 Oe and a remanent magnetization of 0.68 kGs. Reading and 

writing properties were measured with a metal-in-gap head for writing and a 

magnetoresistance head for reading, and showed that the Co-P-coated drum could be 

magnetized into 2048 pairs of magnetic poles with uniform sinusoidal and square 

waveform amplitudes. Using a magnetic encoder with a frequency dividing circuit, a 

resolution of 8192 pulses per revolution was obtained. This resolution is much higher 

than Hall type encoders with a single pole magnetic drum or a ferrite-coated drum. 

Compared to conventional, thicker γ-Fe2O3 coatings and plastic magnets, Co-P ELD 

films have higher recording densities and better adhesion to their substrates. Based on 

their microstructure, magnetic properties, and recording properties, Co-P ELD films have 

potential to improve the resolution and accuracy of magnetic rotary encoders.  

Another application for the electroless deposition of metals includes use as diffusion 

barriers. Liu et al. investigated the use of an electroless Ni-Mo-P layer as a diffusion 
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barrier for Cu interconnects (4). Prior to ELD, APTMS and Pd were deposited as a seed 

layer. Both layers were confirmed by XPS, and EDS also confirmed the presence of Pd 

atoms. The Na2MoO4 concentration, bath pH, and bath temperature were evaluated in the 

plating solution. Increasing the Na2MoO4 concentration inhibited the growth of granules 

and caused a decrease in the deposition rate of the Ni-Mo-P alloy. Increasing the 

Na2MoO4 concentration also increased the Mo content of the Ni-Mo-P films but in turn 

decreased the P content. This revealed a competition mechanism between Mo and P in 

the codeposition procedure to create the alloy. Increasing the pH of the plating solution 

from 11.25 to 11.75 also caused a decrease in P content. Once the pH reached 12.0, P 

content did increase. This may be due to the enhancement of mass transfer caused by the 

evolution of H2. Also at this pH value, the oxidation of H2PO2
- from the sodium 

hypophosphite reducing agent was further accelerated, which promoted H2 reduction and 

resulted in the formation of holes on the surface of the alloy, as shown by field emission 

SEM. Also seen was the formation of clusters, which were caused by the accelerated 

reduction of Ni ions. While P content varied from 1.22 to 2.32 at% in the pH range of 

11.25 to 12.0, Mo content was found to be higher (from 5.42 to 6.32 at%). With 

increasing bath temperature, Mo content increased insignificantly and P content 

decreased. At the highest test temperature of 363 K, P content did increase. This may be 

due to the reduction of P being the dominant reaction over Mo reduction. After plating, 

structure and resistivity were evaluated. XRD revealed amorphous alloy structures, even 

at high P content. Cross-sectional TEM and the corresponding selected area diffraction 

ring patterns of a Ni92.1Mo4.6P3.3 alloy showed a thickness of 30 nm and a polycrystalline 
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structure. Electrical resistivity of the alloy was revealed to be low at 79 to 143 µΩ-cm. 

Resistivity decreased with increasing thickness at constant composition, which may be 

due to the microstructures of the alloy. When annealed, the resistivity decreased with 

increasing temperature, which was due to increasing the degree of crystallization. Cu 

ELD was deposited onto the alloy then annealed to examine diffusion barrier and 

adhesion properties. AES revealed high Cu and O concentrations and background levels 

of Ni, Mo, P and Si on the surface. After sputtering over 8 minutes, the Cu concentration 

decreased rapidly but the O concentration maintained for many minutes. This may be due 

to O diffusion between the Cu and alloy layers after annealing. No Cu was found in the 

SiO2 or Si substrate layers. Adhesion tape tests of the alloy-deposited and Cu-deposited 

surfaces showed that adhesion was satisfactory between the alloy and other layers. Based 

on the amorphous-like structure, low resistivity, barrier abilities, and successful adhesion, 

Liu et al. believe an electroless Ni-Mo-P alloy could act as a suitable diffusion barrier.  

1.2.6 Literature Review Analysis 

Plasma treatments show the importance of modifying a surface so that ELD can occur. 

Physical surface roughing and chemical N bonding allow Pd to react with the substrate, 

leading to ELD adherence (8, 9). As an alternative, many SAMs offer N sites for 

chemical bonding. SAMs are robust by being able to withstand PVD and annealing (24). 

They can provide the added protection of a barrier layer so that the metal does not diffuse 

into the substrate (1, 24, 25). SAMs can be used to create chemical templates, resulting in 

selective ELD patterns on nonconducting surfaces (12, 18, 26). ELD on insulating 

substrates is rarely feasible without a surface modification such as by plasma treatment or 
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SAM but has been accomplished (1, 6, 7, 18, 20). An alternative surface modification 

technique uses a reduced TiCu film to act as an adhesive catalyst layer (13). Some 

researchers are able to deposit an ELD metal onto a SAM without the use of a catalyst 

but most still require Pd (1, 12). Many believe Pd(II) is attracted to the lone electron pair 

on N, forming a chemical Pd-N bond (9). Covalent bonding and electrostatic forces are 

also suggested metal-N bonding mechanisms (1, 7, 12, 18). Partial protonation of the 

amine group on the SAM could prevent Pd(II) from binding, leading to ineffective ELD 

(26). Reducing agents allow Pd to form in the metallic state, which is crucial for the 

adhesion of ELD metals (7). On the other hand, too high of Pd coverage can lead to rapid 

ELD, resulting in hydrogen generation and internal stresses (10). 

Substrates can be treated with additives before or after Pd seeding to create dense, 

uniform, and conductive electroless surfaces and to reduce pattern widths (5, 23). These 

additives contain thiol or sulfonate functional groups that play a role in Pd ion adsorption 

and are commonly used in electroplating. The pH buffers added to ELD solutions can 

also act as surfactants to improve wetting (11). More research into using additives in the 

ELD process could benefit the field. The use of reducing agents can result in dopants or 

contaminants - depending on the application - being introduced into the electroless metal. 

Boron can be minimized in a Co ELD film by introducing a high concentration of the 

complexing agent (14). On the other hand, a high B concentration is feasible without a 

complexing agent, although the rate of Co ELD is extremely slow (14). A high B content 

can result in amorphous Ni-B and Co-B structures although crystallization could occur 

when annealed (22). The inclusion of P can also increase the coercivity of Co alloy ELD 
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films (2). High magnetic coercivity Co-coated nanotubes could be used in such 

applications as high-density magnetic recording and microscopic-scale magnetism 

research (16). Electroless Co-P thin films also have the potential for use as high 

performance magnetic rotary encoders by improving resolution and accuracy (19). 

Electroless Ni-Mo-P alloys and Co-W-P alloys can also be used as diffusion barriers for 

Cu interconnects so that Cu does not diffuse into the SiO2 or Si substrate layers (3, 4). 

Low metal coverage may be due to steric barriers that protect or screen the functional 

group of the SAM from chemisorption (25). Coverage can also be limited by the success 

of the Pd deposition (16). Uniform films are feasible when ultrasonication is used during 

ELD (3). Quantitative data on the differences in N, Pd, and ELD metal coverages is 

currently minimal and more research could reveal how to improve ELD. Quantitative 

materials properties, such as conductivity, roughness, thickness, and magnetism, are also 

sporadic. More data would allow for better comparisons between different ELD 

processes. Although the general mechanism of nucleation and growth is the accepted 

ELD process, the specific growth mechanism, chemical reaction equations, and 

nucleation density data are strongly lacking in the literature. One proposed specific 

mechanism is Volmer-Weber three dimensional island growth, where metal particles 

form islands and these islands grow and coalesce to form a continuous film (6, 20). 

Tape, four point bending, and vertical peel tests help to determine the adhesion strength 

of ELD metals. These tests provide insight into which interface fails, with results varying 

in the literature depending on the materials and processes used (1, 9, 13). Unfortunately, 

many of these adhesion tests require electroplated or vapor-deposited metal to be plated 
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on top of the ELD metal (1, 8, 9, 13). Further examination on the delamination of thick 

ELD layers would allow for better failure analysis of the ELD process, as well as 

improvements to quantitative adhesion test methodology. Annealing was found to 

improve adhesion as well as change the interface failure layer (1, 3, 13, 24). Annealing 

can also improve electroless coverage by recrystallizing the metal and reducing or 

eliminating voids and gaps (16). Increasing crystallization by annealing also reduces 

resistivity (3, 4). More research on including annealing to strengthen and smoothen the 

electroless depositions is encouraged.  

1.3 Explanation of Thesis Format 

This thesis is divided into multiple sections. Chapter 2: Summary of Study provides an 

overview of the research that examined and analyzed. Chapter 3: Present Study discusses 

how experiments were performed and analyzed, the results of these experiments, and our 

findings as inferred by our investigation. Chapter 4: Future Work describes the next steps 

to be taken and why further research would better our understanding of this topic. 

Appendix A: Supplementary Material contains modeling calculations, surface 

characterization images, and experiments that were deemed auxiliary to the body of work 

presented in Chapter 3. 
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CHAPTER 2: SUMMARY OF STUDY 

2.1 Summary 

In the fabrication of integrated circuits in semiconductor manufacturing, metals are 

deposited on insulating materials to electrically connect different parts of the circuit. 

Metal layers are deposited by physical vapor deposition and chemical vapor deposition in 

the gas phase and electrochemical deposition or electroplating in the liquid phase. 

Electroplating is fast but requires electrical contact to the surface on which the metal will 

deposit. A seed layer is deposited on a dielectric surface to make it electrically 

conductive before it is electroplated. The seed layer can be deposited by electroless 

deposition, which uses a catalyst such as palladium and reducing agents instead of an 

external current source. The catalyst is bonded to the insulating surface by a glue or 

adhesion layer, and the seed layer is deposited on the catalyst coating the surface.  

Self-assembled monolayers (SAMs) serve as an adhesion or glue layer to bond the 

catalyst to the insulating surface. SAMs are on the order of 1-2 nm thick and contain 

functional groups such as nitrogen and sulfur that make good bonds with many metals. 

As the size of integrated circuits shrinks, space is limited and the thin SAMs are 

advantageous. Figure 1 shows a simplified schematic of a cross-section of a trench cut 

into a dielectric material with the glue, catalyst, seed and metal layers. The objectives of 

this study are 1) to examine the mechanism for depositing palladium on an amine-based 

SAM on an insulting SiO2 substrate and 2) to characterize the cobalt layers that deposit 

on the palladium catalyst. 
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The molecule chosen to form the SAM is 3-aminopropyltrimethoxysilane (APTMS) 

because it contains an amine group and methoxy functional groups that react with water 

to form silanols (Si-OH) as shown in Figure 2. These silanols react with silanols on the 

surface forming covalent bonds. To form the glue layer, a clean Si surface with a native 

oxide is subjected to HF and H2SO4:H2O2 treatments. A HF treatment is used to etch the 

surface to remove the native oxide. A H2SO4:H2O2 treatment is used to chemically grow 

a silicon dioxide layer containing hydroxyl groups on the surface. The well-hydroxylated 

SiO2 surface is dipped into a solution of liquid APTMS dissolved in methanol. Methanol 

was used as the solvent because other solvents were found to form multilayers of APTMS 

instead of a single monolayer. Electroless metal deposition occurs by taking this 

APTMS-deposited surface and submerging it in an aqueous solution of PdCl2 at a pH < 2. 

Pd is a commonly used catalyst and reacts with the amine group of APTMS to form a 

thin Pd layer. The Pd-deposited surface is immersed in a CoSO4 solution in a N2-filled 

glove box to deposit a Co seed layer. A variety of characterization techniques are used to 

analyze the thin films deposited. Ellipsometry is used to measure the thickness of the 

APTMS and Pd layers; atomic force microscopy (AFM) to determine the roughness of 

the APTMS, Pd, and Co layers; X-ray photoelectron spectroscopy (XPS) to detect the 

presence of elements, the speciation, the atomic ratios of Pd and N, and for adhesion tape 

tests; and scanning electron microscopy (SEM) to examine the surface topography of the 

Pd and Co layers. 

XPS of the N 1s region shows the protonated amine (–NH3
+) at a binding energy of 400.6 

eV and the nonprotonated amine (–NH2) at 398.8 eV. After Pd deposition, the NH3
+ to 
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NH2 ratio flips from 0.8 ± 0.3 to 1.3 ± 0.8. Ellipsometry showed that the APTMS 

thickness of 7.2 ± 0.5 Å is close to reported values. The Pd thickness of 3.1 ± 0.6 Å is 

10% larger than the atomic diameter of a Pd atom. Using a film stack model and XPS 

data, the APTMS layer was calculated to have a surface density of 4.2 ± 0.6 × 1014 

molecules/cm2, which is close to the reported values for silanol density on chemical 

oxides. Based on surface density and using a calculated Pd surface density of 1.6 ± 0.6 × 

1014 molecules/cm2, the Pd to N ratio was determined to be 0.4. XPS of the Pd 3d region 

found Pd(2+) in the form of PdO and metallic Pd(0) at binding energies of 337.0 eV and 

335.5 eV, respectively. Three out of eight APTMS/Pd samples displayed metallic Pd. 

Adhesion tests showed that 72% of the Pd layer remained after tape removal. XPS of the 

Co 2p region showed metallic Co(0) at a binding energy of 777.2 eV. Seven out of 25 

APTMS/Pd/Co samples had evidence of Co(0). Adhesion tests showed that 56% of the 

Co layer remained after tape removal. SEM was used to analyze the APTMS/Pd/Co film 

at increasing Co deposition times. Prior to Co dosing, the APTMS/Pd surface is smooth 

and featureless. At a Co dosing time of 30 sec, nonuniform islands were observed. The 

texture of the islands is rough. The rough texture is due to Co stacking in some regions. 

Evidence of nucleation outside of the island was also observed. By 1 min, the film is 

composed of multilayers of Co with small 10 nm wide voids. By 1.5 min, the Co film 

nucleation completes and closes off. Then a Co multilayer begins to grow, creating a 

continuous film although some 10 nm wide voids are still present. By 5 min, a continuous 

Co multilayer film has been deposited. Visual inspection of a 5 min sample shows a 

cloudy, yellow, and nonuniform film.  XPS was also used to analyze the APTMS/Pd/Co 
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film at increasing Co deposition times. Only 1 out of 6 APTMS/Pd samples showed 

evidence of Cl while no APTMS/Pd/Co samples had Cl. There was an incremental 

increase in Co with increasing deposition time. The NH3
+ to NH2 peak area ratio once 

again flips after Co deposition. 3 out of 25 APTMS/Pd/Co samples showed evidence of 

Pd. Adventitious C, C-N, Si-Si, and Si-O were present. The Co film does not close until a 

5 min dose, where the Si peaks are no longer present. AFM was used to examine each 

deposition layer. RMS roughness increases with each deposition layer from 0.23 ± 0.13 

nm for APTMS to 1.2 ± 1.6 nm for APTMS/Pd to 9.1 ± 2.6 nm for APTMS/Pd/Co with a 

1 min Co dose to 12.6 ± 2.1 nm for APTMS/Pd/Co with a 2 min Co dose. Roughness as 

well as the density and size of the spherical features increase with increasing Co time. 

We found that the thin layer of Pd was sufficient to grow a continuous Co film on the 

surface. We discuss the results in terms of the mechanism for Pd deposition on the amine 

groups, first as the ion PdCl4
2- followed by chemical reduction to Pd metal or Pd(0) in the 

Pd deposition bath. Future work should be done to characterize the electrical conductivity 

and adhesion of both the Pd and Co films. 
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2.2 Figure Set 

 

Figure 1: Simplified schematic of a cross-section of a trench cut into a dielectric material 
with the glue, catalyst, seed and metal layers. 
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Figure 2: A 3-aminopropyltrimethoxysilane molecule with three methoxy and one amine 
functional groups. 
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CHAPTER 3: PRESENT STUDY 

3.1 Introduction 

Signals pass through metal wires connecting the components that make up an integrated 

circuit such as a logic or memory chip. Patterning troughs in a dielectric film and filling 

them with a metal makes the wires also called interconnects. Copper is the metal 

commonly used for the wires because it has a low resistivity and because it can be 

deposited rapidly from a solution-based bath by electroplating. Solution-based processes 

are typically high throughput and have a low cost of ownership and can be adapted to 

high-volume manufacturing. Since copper diffuses readily through many dielectric 

materials, a barrier layer containing cobalt or nickel is deposited first to prevent diffusion 

followed by a seed layer to promote growth. Copper is electroplated on top of the barrier 

and seed layers. Electroplating deposits only where an electrical contact is made on the 

surface of a wafer. As troughs become smaller and barrier and seed layers thinner, the 

resistance across the surface increases and the current distribution is not uniform making 

it difficult to electroplate. Moreover, troughs or other features may be present that are not 

electrically connected to the edge where the wafer is contacted. 

Electroless deposition occurs in a liquid solution, and in contrast to electroplating does 

not need an externally applied voltage. This solves the problems of high film resistivity 

as feature sizes become smaller and of discontinuous films as devices contain features 

that are not in electrical contact with the edges. Electroless deposition (ELD) is bottom 

up and scalable, since it involves activating a surface to promote metal deposition. An 
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activated process can also be surface selective and highly conformal, if self-limiting 

chemistries are used. This is important in eliminating lithography steps and depositing on 

features with aspect ratios as high as 10:1 and re-entrant shapes after dielectric etching.  

Palladium is a common catalyst used to activate a surface for electroless deposition of 

cobalt, nickel, and copper. Palladium bonds to surfaces on which tin is deposited - a 

process called sensitization - or that contain amine groups. Attraction of Pd(2+) in PdCl2 

or PdCl4
2- to the lone electron pair on N has been proposed to form a chemical Pd-N bond 

(9). Covalent bonding and electrostatic forces have also been proposed (1, 7, 12, 18). 

Reducing agents allow Pd to form in the metallic state, which is crucial for the adhesion 

of ELD metals (7). On the other hand, too high of a Pd coverage can lead to rapid ELD, 

resulting in hydrogen generation and internal stresses in the film (10). 

Amine groups are commonly deposited on surfaces using a plasma. Bhusari et al. used an 

Ar plasma to roughen a polyimide surface and an NH3 plasma to form covalent N 

bonding sites (9). Copper was deposited on the polyimide using a commercial Pd/Sn 

catalyst and a Cu ELD bath. The Pd(2+) state in the x-ray photoelectron spectroscopy 

(XPS) data was assigned to Pd-N bonding. While the plasma treatments encouraged 

bonding, the catalyst did not adhere strongly to the surface because failure occurred at the 

interface between the polyimide and Pd. Kim et al. investigated the adhesion of 

electrolessly deposited Cu onto a polyimide by modifying the surface with an O2 

inductively couple plasma followed by a N2/H2 plasma treatment (8). Both C-O and C-N 

bonding were identified by XPS, and N-H bonding by Fourier transform infrared (FTIR) 

spectroscopy. The surface was metalized using a Pd/Sn catalyst solution and electroless 
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plating of Cu using a commercial bath. To examine adhesion, an additional 8 µm of Cu 

was electroplated afterward. The peel strength of the films increased with roughness and 

the coverage of N groups on the polyimide surface. 

An alternative is to use a self-assembled monolayer (SAM) to deposit amine groups on a 

surface. SAMs are robust and able to withstand physical vapor deposition (PVD) and 

annealing (24). SAMs can be used to create chemical templates, resulting in selective 

ELD patterns on nonconducting surfaces (12, 18, 26). Also aminosilane-based self-

assembled monolayers are nm-thick, conformal layers that react selectively with silanol 

(SiOH) groups, making them extendable to future porous SiOCH-based low k films, 

which are used to make logic devices. SAMs have been used as a barrier layer (1, 24, 25), 

which could avoid the need for another metal such as cobalt or nickel, but are more 

commonly used to electrolessly deposit barrier metals. Wu et al. examined a method to 

create selective electroless Co patterns on oxide surfaces by microcontact printing (µCP) 

SAM dendrimers (26). The dendrimer contained hydroxyl, amine, and amide functional 

groups. The tertiary amine and amide groups act as binding sites for Pd(2+) ions and 

reduce the Pd to metal depending on the pH. At a pH of 1, Pd deposited from a PdCl4
2- 

solution but Co did not deposit on the Pd layer in the next step. Raising the pH of the 

PdCl42- solution to 5 enabled cobalt deposition. Deprotonation of amine groups at a pH of 

5 making them available to bond with Pd(2+) is proposed to explain the results. In a 

study of conventional Pd/Sn catalysts as well as Sn-free Pd catalysts, Cui et al. found 

colloidal particles deposited on an aminosilane-covered glass substrate (10). The particles 

contained a Pd(0) metal core and a Sn(4+) shell based on quantitative XPS. Scanning 
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electron microscopy (SEM) showed that nanoparticle agglomerates formed, and the 

detection of both SnNH+ and PdNH+ by secondary ion mass spectrometry (SIMS) 

confirmed bonding of both Sn and Pd to the aminosilane layer. Immersion in a Cu ELD 

bath partially dissolved both Pd(2+) and Pd(0) as well as Sn(4+) and deposited Cu. 

Xu et al. examined the use of Sn-free Pd(2+)-based nanoparticles to electrolessly deposit 

Cu on a Si surface (7). A layer of aminopropyltriethoxysilane (APTES) was coated onto 

Si wafers followed by a chloride-rich Pd(2+) colloidal solution. The colloidal particles 

had an average diameter of 6 nm based on transmission electron microscopy (TEM) 

images. The Pd particles that deposited on the surface had an average size of 12 nm based 

on atomic force microscopy (AFM). Auger electron spectroscopy (AES) confirmed the 

chemisorption of chloride-rich Pd(2+) species. The N 1s XPS peak shifted to higher 

binding energy, indicating that the electron density around the N atoms had decreased. 

This suggests the formation of chemical coordination bonds between the N atoms of 

APTES and the deposited Pd ions. XPS showed that the Pd was present as Pd(2+), and 

not Pd(0). The authors propose that Pd(2+) quickly converts to Pd(0) in the subsequent 

ELD bath. To confirm this explanation, the Pd catalyst was exposed to formaldehyde, the 

reducing agent used in the ELD bath. There was no Cl in the AES, and the Pd 3d5/2 XPS 

peak shifted to a lower binding energy, which indicates that Pd(2+) was reduced to Pd(0). 

When deposition of the Pd(2+) species was attempted on clean Si wafers without 

APTES, no nanoparticles were detected by AFM and no Pd and Cl peaks appeared in the 

Auger spectrum. When the samples were immersed in a Cu ELD solution containing 
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CuSO4 and formaldehyde, AFM images show a homogenous and pinhole-free surface 

with an RMS roughness of 3.0 nm. Cu particles deposited with sizes around 30 nm. 

Dressick et al. show that hydrolysis of PdCl4
2- occurs at pH > 1 forming mixed chloro-

aquo complexes such as PdCl2(H2O)2 based on UV-Vis spectroscopy (18, 27). At low Cl- 

concentrations and at pH ~5 the complexes form oligomers that self assemble into 

colloidal particles. The particles bond to amine groups on the surface and are active for 

electroless metal deposition because the reducing agent in the bath converts the Pd(2+) to 

the Pd(0) needed for catalysis. The oligomers and colloids yield deposits >1015 Pd 

atoms/cm2 on the surface which is the threshold needed to sustain electroless metal 

deposition. Monomeric Pd(2+) species only yield ~2-4 x 1014 Pd atoms/cm2 and do not 

produce homogeneous electroless Co films (18). Also at pH > 3 there are enough 

deprotonated amine sites to bind Pd(2+) because Pd(2+) bonds to –NH2 not –NH3
+. 

The anionic Pd salt in solution can be manipulated by changing the pH. With the 

knowledge that simple Pd(2+) salts in aqueous solutions above a pH of 2 result in metal 

ion hydrolysis, Dressick et al. were able to use a Na2PdCl4-NaCl-H2O solution at an 

elevated pH range of 4.9-6.4 and Cl concentration of 10-110 mM to increase the 

production of deprotonated hydrolysis products (18). This, along with the hydrolytic loss 

of Cl-, led to the formation of hydroxo- and/or chloro-bridged Pd(2+) oligomers. To 

minimize these oligomers, Kind et al. used a Na2PdCl4-NaCl-HCl-H2O solution with a 

Cl- ion concentration of 700 mM and a pH of 1 to force PdCl4
2- to be dominant (17). 

Confirmation that the majority species in solution was PdCl42- was obtained from UV-Vis 

spectra, and they did not find oxo- or hydroxo-bridged Pd in the XPS. Also using UV-
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Vis, Drelinkiewicz et al. found that anionic complexes such as PdCl4

2-- and PdCl3(H2O)- 

were the dominant species in PdCl2-HCl-H2O solutions at high HCl concentrations 

(2000-2300 mM HCl) (28). On the other hand, solutions at low HCl concentrations (0-

0.66 mM HCl) contained electrically neutral species such as PdCl2(H2O)2. At a pH below 

2, the anionic PdCl42- salt is the dominant species in solution, and both anionic and 

neutral hydrolysis products appear as the pH is raised. 

In this work, we deposited Pd on an aminosilane self-assembled monolayer from an 

aqueous bath containing PdCl2 at a pH < 2 using HCl to investigate the mechanism for 

forming Pd metal. In particular we were interested in understanding how Pd(2+) is 

reduced to Pd(0) without a reducing agent in solution. We did not intentionally vary the 

conditions of the Pd deposition bath, yet the amount of Pd that was deposited varied as 

did the coverages of the two amine groups that terminate the SAM. We found that Pd(0) 

deposited and the total amount of Pd - as oxide and metal - depended linearly on the –

NH3
+ coverage, whereas the dependence on the –NH2 coverage was ambiguous. The Pd 

catalyzed the nucleation of Co islands uniformly over the surface resulting in the 

electroless deposition of continuous Co films up to a thickness of a few µm. We found 

that both the Pd deposits and the Co films adhered well to the surface using a simple tape 

test. 

3.2 Experimental 

Si(100) p-type wafers (B doped, 1-100 Ω-cm) were cut into 1.4 x 1.8 cm2 coupons and 

cleaned in acetone (99.5%), methanol (99.5%), and ultrapure water (UPW, 18 MΩ-cm, 
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pH 5.8) for 3 min each in an ultrasonicator. Semiconductor grade acids, bases, and 

solvents were purchased from General Chemical or J.T. Baker and used as received. The 

native oxide was removed by immersing the coupons vertically in a 1:100 (v/v) 

continuously stirred HF (49% w/w):UPW bath for 1 min, rinsed with UPW, and dried 

with ultra-high purity N2. A silicon dioxide layer was grown chemically by submerging 

the coupons in a 3:1 (v/v) H2SO4 (96% w/w):H2O2 (30% w/w) mixture for 10 min, rinsed 

with UPW for 1 min, and dried with N2. An aminosilane layer was deposited on the 

chemical oxide by immersing the coupons vertically for 15 min in a continuously stirred 

bath containing 5.72 mM 3-aminopropyltrimethoxysilane (APTMS, Sigma-Aldrich, 

97%) dissolved in methanol at room temperature. Each coupon was immediately rinsed 

in methanol and dried with N2.  

A stock catalyst solution containing 0.56 mM Pd was made by mixing 0.1 g/L PdCl2 

(Sigma-Aldrich,  ≥99.9%) and 3.5 mL/L HCl (36.5-38%); the pH was 1.48. In a N2-filled 

glove box, a plating solution was made immediately prior to use by mixing 4.17 mL of 

1.2 M CoSO4 (CPI International), 20 mL of 1.0 M borane dimethylamine complex 

(DMAB, Sigma Aldrich, 97%), 0.11 mL of diethylenetriamine (DETA, Alfa Aesar, 

99%), and UPW at room temperature. DMAB was used as a reducing agent while DETA 

was introduced as a complexing agent. This resulted in a 100 mL solution containing 50 

mM CoSO4, 200 mM DMAB, and 10 mM DETA at a pH of 7.28. In the glove box with 

flowing nitrogen, a coupon covered with an APTMS layer was immersed in the catalyst 

solution for 2 min and rinsed with UPW for a few seconds. Without drying, the coupon 
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was transferred to the plating solution and immersed for 0.5 to 5 min, rinsed with UPW, 

and dried with N2.  

Elemental analysis was performed immediately after sample preparation by x-ray 

photoelectron spectroscopy (XPS) using a double-pass cylindrical mirror analyzer 

(Physical Electronics, model 549) and non-monochromatic Mg Kα (1253.6 eV) or Al Kα 

(1486.6 eV) radiation. The full width at half maximum (FWHM) of the Au 4f7/2 peak at a 

binding energy of 84.8 eV was 1.9 eV. Pass energies of 200 eV were used for survey 

scans and 50 eV for high-resolution scans. The C 1s peak was assigned to a binding 

energy of 284.5 eV to correct for surface charging (29, 30). Peaks were fit with IGOR 

Pro and the multi-peak fit package (WaveMetrics, v. 6.1). Elemental ratios were 

calculated from XPS peak areas that were corrected using sensitivity factors (31, 32). The 

Pd surface coverage was calculated using XPS peak areas, which is described in Section 

S1 of the Supplementary Material. 

Surface topography was imaged using atomic force microscopy (AFM, Bruker 

MultiMode V) in tapping mode, and root mean square (RMS) roughness values are 

reported over 3 x 3 μm areas. The aluminum reflective coated tips (Bruker AFM Probes) 

had a nominal force constant of 42 N/m. The scan rate was 1 Hz with a resolution of 512 

pixels/line, and first-order plane-fitting compensated for tilt. Surface topography was also 

examined using field emission scanning electron microscopy (FE-SEM, Hitachi S-4500) 

at an accelerating voltage of 5-30 kV.  
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Chemical oxide, APTMS, and Pd thicknesses were measured immediately after 

preparation using a spectroscopic ellipsometer (J.A. Woollam, M-2000). The stack model 

for the chemical oxide consisted of SiO2 on top of a 1 mm Si wafer.  The stack model for 

APTMS used a Cauchy dispersion relation for the refractive index of an organic on top of 

the previously measured SiO2 layer and 1 mm Si. The stack model for Pd used a Cauchy 

dispersion relation for the refractive index of Pd on top of the previously measured 

APTMS and SiO2 layers and 1 mm Si. Film and substrate properties were provided by the 

manufacturer’s software. The margin of error for all experimental values reported was 

calculated at 95% confidence. 

A tape test to estimate adhesion consisted of evenly applying tape on a coupon, using 

tweezers to smooth the tape to ensure the entire sample was covered, and rapidly pulling 

the tape back over itself while holding the coupon with the tweezers. XPS was done 

before and after the tape test. 

3.3 Results 

The elemental compositions of the films after each deposition step were analyzed by 

XPS. Figure 3 shows representative high-resolution N 1s XPS spectra of the surface after 

immersion in the APTMS solution and subsequently in the Pd catalyst bath. The N peak 

envelope was notably asymmetric in each case and was fit with two components, the 

protonated amine (–NH3
+) state assigned at a binding energy of 400.6 eV and the 

nonprotonated amine (–NH2) state assigned at 398.8 eV (30, 33, 34). Each component 

has a FWHM of 2.3 eV. The solid lines show curves fit to each state and the sum. After 
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immersion in the APTMS solution, the peak envelope is skewed toward lower binding 

energy, and the peak area ratio of the NH3
+ to the NH2 state was 0.8 ± 0.3 to 95% 

confidence based on three samples. After immersion in the Pd bath, the peak envelope is 

skewed toward higher binding energy, and the peak area ratio of the NH3
+ to the NH2 

state flips. The range of measured values was much broader, and the average was 1.3 ± 

0.8 to 95% confidence based on eight samples. The results are summarized in Table 1 

together with film thickness measured using ellipsometry and surface atom density 

obtained from the XPS data using a model of the film stack. 

Table 1: The protonated to nonprotonated amine ratio, thickness measured by 
ellipsometry, and surface density obtained from XPS data using a model for the APTMS 
and Pd layers. The thickness and density values are representative of only APTMS or Pd 
because underlying layers were accounted for. All values are reported to 95% confidence. 

Film Layer NH3
+ to NH2 
ratio 

Thickness 
(Å) 

Surface Density  
(x 1014 molecules/cm2) 

APTMS APTMS 0.8 ± 0.3 7.2 ± 0.5 4.2 ± 0.6 
APTMS/Pd Pd 1.3 ± 0.8 3.1 ± 0.6 1.6 ± 0.6 
 

The thickness of the film deposited on the surface after samples were immersed in the 

APTMS solution was 7.2 ± 0.5 Å using ellipsometry. This value is representative only of 

the aminopropylsilyl layer because the thickness of the underlying chemical oxide layer 

was subtracted off, and is close to values reported for aminopropylsilyl layers (29, 34). 

Based on XPS the density of aminopropylsilyl molecules in the layer is 4.2 ± 0.6 × 1014 

molecules/cm2. The coverage of aminopropylsilyl molecules is 0.6 monolayer relative to 

the underlying Si(100) surface (35).  The film is referred to as APTMS in the text that 

follows. 
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The thickness of the film deposited on the surface after samples covered by APTMS were 

immersed in the Pd catalyst bath was 3.1 ± 0.6 Å using ellipsometry. This value is 

representative only of the Pd layer because the thickness of the underlying 

aminopropylsilyl and chemical oxide layers were subtracted out, and it is about 10% 

larger than the atomic diameter of a Pd atom. The XPS model yielded an atomic density 

for the Pd layer of 1.6 ± 0.6 × 1014 atoms/cm2. Ellipsometry and XPS results corroborate 

a Pd to N ratio of 0.4 ± 0.2 since each APTMS molecule contains one N atom. The 

multilayer film stack after deposition of Pd is referred to as APTMS/Pd in the text that 

follows.  

Figure 4a shows representative high-resolution Pd 3d XPS spectra before and after a tape 

test on the APTMS/Pd layer. The 3d3/2 and 3d5/2 states are due to spin-orbit splitting. The 

peak envelopes of each of these states are asymmetric and skewed toward higher binding 

energy because there is more Pd oxide than Pd metal. The peaks were fit, and assignment 

of the components is made for the larger 3d5/2 state. Curves fit to each state and the sum 

are shown by the solid lines. The component at 337.0 eV is assigned to Pd(2+) in the 

form of PdO (36, 37), and the component at 335.5 eV is assigned to metallic Pd(0) (10, 

36, 38). Each component has a FWHM of 2.3 eV. Out of eight samples with APTMS/Pd 

layers, three showed evidence of metallic Pd. The oxide likely formed due to air exposure 

between deposition and loading into the vacuum chamber. Visual inspection of the 

surface of the samples after Pd deposition showed no change in texture or color; the 

samples were silver and reflective as is typical of a Si surface. After the tape test, the 
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XPS peak envelope remained skewed toward higher binding energy indicating that both 

Pd(2+) and Pd(0) were both present and 72% of the Pd layer was left on the surface. 

Figure 4b shows representative high-resolution Co 2p XPS spectra before and after a tape 

test on the APTMS/Pd/Co film. The Co film was formed by immersing an APTMS/Pd 

sample for 5 min in a Co bath. The Co 2p splits into 2p1/2 and 2p3/2 states, and the peak 

envelopes of each of these states is asymmetric and skewed toward lower binding energy 

due to the presence of both Co oxide and Co metal. The peaks were fit with five 

components each, and assignment of the components is made for the larger 2p3/2 state. 

Curves fit to each state and the sum are shown by the solid lines. Shake-up satellites for 

the cobalt oxides are assigned to the peaks with the highest binding energies at 787.7 and 

785.0 eV. The component at 782.0 eV is assigned to Co(2+) in the form of CoO, and the 

component at 779.6 eV is assigned to Co(3+) in the form Co3O4 (39). Finally, the 

component at 777.2 eV is assigned to metallic Co(0) (39-41). After peeling off the tape 

and reloading into the vacuum chamber, the XPS peak envelope remained skewed toward 

lower binding energy and Co oxides and Co metal were both present. Comparing the two 

sets of spectra in Figure 4b shows that 56% of the Co film was left on the surface. 

Co was detected reliably by XPS at bath deposition times of 30 s or longer (the spectra 

are shown in Figure 7 and will be discussed). The surface topography of an 

APTMS/Pd/Co film after a 30 s immersion in a Co bath is shown at increasing 

magnification by the top-down SEM images in Figure 5. Co nucleates on the surface and 

grows nonuniformly in patches or islands forming the light features imaged in Figure 5a. 

One island from the upper middle portion of this image is shown at ten times the 
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magnification in Figure 5b and has a rough texture. The island is oblong and 

approximately 200 nm wide and 500 nm long. Upon closer inspection, the rough texture 

is due to stacking of Co in some regions within the island as shown in the image in Figure 

5c.  Even outside of the island, there is evidence of nucleation over much of the surface 

as shown in Figure 5d, which was taken in the dark region in Figure 5b to the left of the 

island. 

The SEM image of the APTMS/Pd layers, which is the control for the images in Figure 5, 

is shown in Figure 6a. Aside from a few points which are due to dust, the film is smooth 

and featureless. Experiments to coat Co directly onto APTMS were unsuccessful (not 

shown). Starting with separate samples covered with APTMS/Pd layers, a series of top-

down SEM images at increasing Co bath immersion times is shown in Figures 6b-e. 

More images can be seen in Section 2 of the Supplementary Materials. The Co islands at 

30 s (light features in Figure 6b) grow and coalesce by 1 min (Figure 6c) into a film (light 

regions) composed of multilayers of Co with small voids that are about 10 nm wide (see 

Figure S3 in the Supplementary Material). The majority of the film is smooth, yet voids 

were found as shown by the dark filamentous regions in Figure 6c which are the 

underlying substrate where the Co layer may not be present or is much thinner. By 1.5 

min, the Co film nucleation completes and closes off (Figure 6d). A Co multilayer began 

to grow, creating a continuous film although some 10 nm wide voids were still present. 

Nucleation points were seen at higher magnifications that propagated to the next layer of 

the film (see Figure S4 in the Supplementary Material). By 5 min, a continuous Co 

multilayer film was deposited (Figure 6e). Visual inspection of the samples after 5 min 
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showed a cloudy and nonuniform film that was yellow in color which stood in stark 

contrast to the reflective silver surface underneath, as shown in the photo in Figure 6f. At 

immersion times of 5 min or more, the Co film delaminated in some places due to 

internal stresses, leaving Co flakes in the bath and creating patches of exposed 

underlayers. Photographs of these delaminated samples are shown in Figure S6 in the 

Supplementary Material. 

XPS spectra of the films are shown in Figure 7 as a function of immersion time in the Co 

bath, ranging from 0 s to 5 min. The composition of the APTMS/Pd control film in 

Figure 7a shows the presence of Pd as well as N (indicative of APTMS) and the Si 

substrate. Out of six APTMS/Pd samples analyzed after Pd deposition on different days, 

only one showed Cl (see Figure S7 in the Supplementary Material). All other samples did 

not show Cl or the signal-to-noise was too low to resolve. The high-resolution Co 2p 

spectra in Figure 7 show an incremental increase in Co with increasing deposition time. 

Metallic Co is resolved at the longest deposition time of 5 min in Figure 7f.  Analysis of 

more than 25 APTMS/Pd/Co samples showed metallic Co only on seven samples that 

had deposition times in the range from 1.5 to 5 min because the films were thicker. All 

other samples contained only Co oxides due to air exposure between deposition and 

loading into the vacuum chamber. The peak area ratio of the NH3
+ to the NH2 state 

flipped after immersion in the acidic Pd bath. The high-resolution N 1s spectra in Figure 

7 show that after Co deposition, the ratio flips back and –NH2 is dominant. Based on 18 

experiments over ten days, the NH3
+ to NH2 ratio after Co deposition averaged over all 

dosing times was 0.8 ± 0.4. Figure S8 in the Supplementary Material shows that when 
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examining the NH3

+ to NH2 ratio at individual Co dosing times, there is a notable 

decrease as the Co dosing time increases, from 1.3 ± 0.8 after Pd deposition based on 

eight APTMS/Pd samples from different days to 0.3 ± 2.2 at 5 min of Co deposition 

based on two APTMS/Pd/Co samples from different days. 

After Co deposition, the high-resolution Pd 3d spectra in Figure 7b-f show that no Pd 

signal was measured due to the sensitivity limit of XPS. Pd was found in only three of 25 

APTMS/Pd/Co samples over 17 days — all at short Co dosing times under 1.5 min — 

and indicates that the Pd on the surface was either attenuated by the Co or desorbed 

during Co deposition. An XPS spectrum from an APTMS/Pd/30 s Co sample showing 

evidence of Pd is shown in Section S6 of the Supplementary Material. Annealing the 

APTMS film in air prior to immersion in the catalyst bath reduced both the Pd and Co 

subsequently deposited. These results are described in Section S7 of the Supplementary 

Material. The large peak in the high-resolution C 1s spectra in Figure 7 is due to 

adventitious C; it was assigned to 284.5 eV and used to correct for surface charging. The 

minor C peak at higher binding energy is attributed to C-N, as N is present at all dosing 

times. The high-resolution Cl 2p spectra in Figure 7 show that Cl was not found on the 

surface. Out of 17 APTMS/Pd/Co samples analyzed after Co deposition over 11 days, 

none showed Cl. The high-resolution Si 2p spectra in Figure 7 show that the substrate 

surface is still visible during Co deposition, even after a 3 min Co dose as shown in 

Figure 7e. The Co film did not close until a 5 min Co dose (see Figure 7f), where the Si 

peaks are longer present. The major Si peak is attributed to Si-Si while the minor peak is 

Si-O. 
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The surface topography after each deposition step was analyzed by AFM. Figure 8 shows 

the APTMS layer, APTMS/Pd layers, and the APTMS/Pd/Co film at immersion times of 

1 and 2 min. Depositing each layer increased the root mean squared (RMS) roughness 

from 0.23 ± 0.13 nm for APTMS to 1.2 ± 1.6 nm for Pd to 9.1 ± 2.6 nm for a 1 min Co 

dose. Large features that may be due to dust were found on the smooth Pd-coated sample; 

Figure 8b shows one of these features which is approximately 8 nm high. In a clean area 

without these features, the RMS roughness was only 0.4 ± 0.6 nm (not shown). 

Roughness also increased as the Co deposition time increased; RMS roughness for a 2 

min Co dose was 12.6 ± 2.1 nm. The density and size of the spherical features increased 

with increasing Co immersion time, as shown in Figures 8c and 8d. 

3.4 Discussion 

3.4.1 APTMS SAM Formation 

A self-assembled monolayer is distinguished not only by a single layer of molecules that 

uniformly coat a surface, but also by molecules that pack together tightly because of 

numerous weak, short range forces. In the case of APTMS, the ellipsometric thickness 

was 7.2 ± 0.5 Å, which is close to the length of an APTMS molecule (34). The RMS 

roughness of the layer measured by AFM was 0.23 ± 0.13 nm, which is close to the 

silicon dioxide starting surface. The density of the layer calculated from XPS peak areas 

was 4.2 ± 0.6 × 1014 APTMS molecules/cm2 or 4 molecules/nm2, which is near the 

reported silanol density on silicon oxides (42). APTMS reacted with nearly every silanol 

group (–SiOH) on the oxide surface and formed a SAM. 
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The APTMS SAM makes 4 amine groups/cm2 available that can do further chemistry. 

Both nonprotonated (–NH2) and protonated (–NH3
+) primary amines were resolved in the 

XPS. The relative coverage of these groups varied widely for repeated experiments. After 

depositing the SAM, the ratio of NH3
+ to NH2 was 0.8 ± 0.3 or a variation of about half 

as many to an equal number of protonated to nonprotonated amine groups. The source of 

the protons is likely water impurities in the methanol because methanol does not 

deprotonate appreciably and it is hygroscopic, and the experiments were done in ambient 

air. We did not attempt to determine whether the relative coverages of the two amines 

changed after exposing the APTMS layer to ambient air and placing it under vacuum. 

Protonated amines formed during deposition of the SAM even without an intentional 

source of protons, and they were stable when exposed to air and when placed under 

vacuum for at least the time it took to transfer the sample to the ultrahigh vacuum 

chamber and make the XPS measurement, which was a couple of hours.  

Removing a sample from solution and exposing it to both ambient air followed by 

vacuum to make the XPS measurement could have caused protons to desorb. Samples 

were exposed to air, vacuum, and x-rays for the same amount of time, which suggests 

that the large variation in the nonprotonated and protonated amine coverages measured 

by XPS is representative of the sample surfaces in solution and is caused by differences 

in the sample surfaces in the bath, not subsequent handling. 

In the Pd deposition bath at a pH of 1.48, HCl dissociated completely and converted 

some of the nonprotonated amines (–NH2) into protonated amines (–NH3
+) as shown by 

the flip flop in the NH3
+ to NH2 ratio from 0.8 ± 0.3 to 1.3 ± 0.8 after Pd deposition. The 
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change in ratio was expected because the pKa of the aminopropyl group is approximately 

10.8 (43). If the values from solution thermodynamics are applicable to the terminal 

groups of a SAM, where the molecules are much closer together and interact, then all of 

the amine groups should have been protonated. Even though the pKa of species bound to 

a surface can shift by more than one log unit to lower values (18), the majority of amine 

groups should protonate at any pH below 2 to form –NH3
+. Although N does not 

hydrogen bond as well as O (44), the amines could hydrogen bond to one another on the 

surface. A favorable interaction in pairs such as NH2H+:::NH2 could explain why the 

NH3
+ to NH2 ratio was near one despite the large variations in pH during the sequence of 

processes. 

3.4.2 Surface Chemistry of the Pd Salt 

The PdCl4
2- anion is the only Pd species in solution at pH values from 0 to about 5.5 and 

moderate redox potentials as shown by calculating the potential-pH (Pourbaix) diagram 

at a Cl concentration of 0.1 M and Pd concentration of 1 mM. The low pH and high 

chloride ion concentration in the Pd deposition bath drive both of the following reactions 

to the right. 

 −𝑁𝑁𝑁𝑁2 + 𝑁𝑁3𝑂𝑂+ ⇌ −𝑁𝑁𝑁𝑁3+ +  𝑁𝑁2𝑂𝑂 [1] 

   

 𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙2 +  2𝑃𝑃𝑙𝑙− ⇌ 𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙42−
 [2] 
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PdCl42- and its associated ion and hydration shells attach electrostatically to protonated 

amine groups forming a surface complex, which is shown schematically by the following 

reaction. 

 −𝑁𝑁𝑁𝑁3+ +  𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙42− +  −𝑁𝑁𝑁𝑁3+ ⇌  −𝑁𝑁𝑁𝑁3+‧‧‧𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙42−‧‧‧𝑁𝑁3+𝑁𝑁 − [3] 

 
Chloride (Cl-) anions compete with the Pd(2+) complex to bind with the protonated 

amine sites and are in much higher concentration. 

Samples with a higher coverage of protonated to nonprotonated amines had the highest 

Pd to N ratios, which is consistent with protonated amines promoting Pd-N bonding by 

adsorbing PdCl4
2- ions. Since an electrostatic attraction is holding the PdCl4

2- ion on the 

surface through one or more –NH3
+ groups, adsorption of at most one layer of ions is 

expected and this is confirmed by the ratio of Pd to N of 0.4 ± 0.2 after deposition. 

Nelson et al. measured a Pd to N ratio of 0.42 ± 0.01 after immersion of a 3-

aminopropyltriethoxysilane (APTES) layer in a Pd catalyst bath at a pH of 3.5 followed 

by a dip in aqueous NaBH4 (23). The APTES layer was formed by vapor phase 

deposition and produced a single N 1s state at 401 eV, which was assigned to –NH2 

groups. Immersing the APTES layer in liquid 3-mercapto-1-propane sulfonate (MPS) 

caused a second N 1s state to appear at 403 eV, which was assigned to –NH3
+ groups. 

The Pd to N ratio increased to 0.73 ± 0.10. The second state was also observed for 1,3-

propanedisulfonic acid disodium salt (PDS), which contains two sulfonic acid groups, 

and the authors conclude that this group was bound ionically to –NH3
+ of APTES lending 

support to formation of the complex depicted in Equation 3. 
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In a study of palladium adsorption on polymers treated with a NH3 or N2 plasma, 

Charbonnier et al. propose that the palladium ions Pd(2+) in PdCl2 bond directly to 

neutral nitrogen groups on the surface (15). Nitrogen supplies a lone pair to form a polar 

bond with palladium. Chloride anions are attracted to the chemisorbed Pd(2+) ions by 

partial charge, and at immersion times greater than a few seconds, additional Pd(2+) ions 

are further adsorbed on top of the Cl- ions. This interpretation is based on their 

observation of both Pd(2+) and Cl in the XPS. The attraction of Cl- ions and additional 

Pd(2+) layers, leads to a Pd to N ratio greater than one. Borris et al. deposited metal on 

polymers and came to the same conclusion based on high resolution Pd XPS data (45). 

Charbonnier et al. deposited tin prior to or with palladium to sensitize the surface. Borris 

et al. deposited APTMS from the vapor phase and the film was 3-5 nm thick. They 

alternated dips of the APTMS multilayer in the Pd bath at low pH and in the reducing 

agent sodium hypophosphite solution. These methods produced thicker Pd layers than in 

our work, which explains some of the differences. Neither paper shows high resolution N 

1s spectra, which would have distinguished the two types of amines. Although the N 1s 

data would not have changed the Pd to N ratio, it might explain the differences in the 

surface composition and reactivity. 

In a study of Co and Pd deposition on dendrimers, Wu et al. observed that a pH of 5 was 

necessary to adsorb Pd (26). They reason that Pd adsorbs only when amine groups in the 

dendrimer deprotonate. Xu et al. show that the N 1s XPS peak shifts to higher binding 

energy after immersion in a Pd bath (7). They interpret the shift as electron donation from 

N to Pd forming a bond. The full width at half maximum is about 4 eV and is likely 
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composed of two states. They also observe Pd(2+) in the XPS and rationalize how it is 

chemically reduced since they know that only Pd(0) catalyzes Co deposition. They 

observe that formaldehyde reduces Pd(2+) to Pd(0) because the Pd 3d XPS state shifts to 

lower binding energy and the Cl Auger signal decreases. They use these observations to 

argue that Pd(2+) is reduced to Pd(0) in the first moments that a sample is immersed in 

the Co bath which contains a reducing agent. Kind et al. proposed that Pd(2+)Cl2 binds to 

two –NH2 groups through chelation at a pH of 1 and that Pd(2+) is reduced to Pd(0) only 

when immersed in a solution containing dimethylamine borane in the subsequent step 

(17). They attribute the low Pd coverage obtained to repulsion of Pd2+ by –NH3
+ groups 

and to loss of Pd due to weakening of the bond with –NH2 groups in the chemical 

reduction step. 

The surface complex between Pd chloride anions and the protonated amines is unstable in 

the Pd deposition bath. Our XPS measurements show that palladium metal was detected 

on the surface, and chlorine was below the XPS detection limit in a majority of 

experiments (three to one). The Pd(2+) in PdCl4
2- was reduced to Pd(0) in the palladium 

bath. Palladium deposited on the surface, releasing the chloride ions, which dissolved in 

the aqueous solution. Since there was little to no chlorine left on the surface, rinsing the 

sample with water removed chloride ions bound electrostatically to protonated amine 

groups. After drying the samples and exposing them to air, XPS showed that Pd(2+) was 

present. This is not due to palladium chloride, rather evidence for palladium oxide (PdO). 

Some of the Pd(0) must have oxidized to Pd(2+) when samples were exposed to air 

during transfer from the deposition bath to the vacuum system. Borris et al. show 
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evidence for a small Pd(0) metal state on the surface after dipping in a reducing agent. 

Most of the Pd is in the 2+ state which is resolved into contributions from both PdCl2 and 

PdO in that work (45). The much larger Pd(2+)O state compared to Pd(0) in our XPS 

shows that Pd oxidized rapidly. The Pd film or clusters are thin. The density of 1.6 ± 0.6 

× 1014 Pd atoms/cm2 obtained using XPS data and the thickness of 3.1 ± 0.6 Å measured 

by ellipsometry are consistent with a single incomplete layer of Pd atoms or with small 

clusters of Pd atoms on the surface. 

Figure 9 depicts how an electrostatically bound Pd complex is a precursor to covalent 

attachment of Pd(2+) to the surface as proposed in Equation 3. In Figure 9a, Pd(2+)Cl4
2- 

physisorbs on a protonated amine site. The ions in the solvation shell were left off for 

clarity. The lone pair of electrons on N that is either available or involved in hydrogen 

bonding forms a coordination complex to the Pd(2+) atom as shown in Figure 9b. This N 

atom can be from a neighboring amine group or the amine on which the Pd(2+) is bound 

electrostatically. Simply using sensitivity factors to reference the XPS peak areas resulted 

in a Pd to N ratio of 0.17 ± 0.06. Modeling the surface layers resulted in a ratio of 0.44 ± 

0.26. The latter ratio is more accurate because it accounts for electron attenuation by the 

layers. Since the atomic ratio of adsorbed Pd to nonprotonated amine was close to one-

half, another N atom on a neighboring amine coordinates the Pd(2+) as shown in Figure 

9c. Pd(2+) forms a covalent bond to the surface via two amine groups. At the acidic 

conditions used for the catalyst deposition, some of the Pd(2+) was reduced and this is 

the reason that Pd metal was observed in the XPS (Figure 4). 
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The UPW rinse after immersion in the catalyst solution removed species that were bound 

either electrostatically or by weak interactions such as van der Waals attraction. Chlorine 

was not detected in the majority of the XPS spectra collected and was removed by the 

UPW rinse. Demir et al. also found that the Cl anions of Pd salts were not detected by 

EDS due to removal during rinsing (46). Water is expected to hydrolyze the Pd(2+) 

complex via reactions such as PdCl2 + H2O ↔ Cl- + PdCl(H2O)+ and PdCl2 + H2O ↔ Cl- 

+ PdClOH + H+ and drive it off of the protonated amine sites and into solution. The 

contribution of ionically bound Pd(2+) species was minor under the conditions used in 

our experiments and is not the active catalyst.  

3.4.3 Reduction of Pd(2+) to Pd(0) by Surface Amine 

The two tape tests although qualitative show that the film is breaking within the metal 

layers, not at the interface between APTMS and Pd or between Pd and Co. For Pd 

deposited on APTMS, there is more oxide compared to metal after the tape test possibly 

because Pd metal is exposed to air afterwards. The higher oxide to Pd metal ratio after the 

tape test also corroborates the oxidation of Pd when it is exposed to air. The tape removes 

only about 30% of the Pd layer showing that the bond between Pd and APTMS is 

relatively strong. Since amine groups terminate the SAM, Pd must be bound to the 

surface through N. Figure 10 shows the amount of Pd deposited on the surface and the 

amounts of nonprotonated and protonated amines obtained from integrating the XPS 

fitting curves. The amount of Pd is relatively sensitive and directly proportional to the 

protonated amine coverage and is not correlated with the nonprotonated amine coverage. 

All of the data shown came from repetitions of the same experiment at a fixed time in the 
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Pd deposition bath, yet the amounts of Pd and the amines varied widely. The amount of 

Pd deposited varied by a factor of about 7 from highest to lowest; the protonated amines 

by a factor of about 3; and, the nonprotonated amines by a factor of about 15. The scatter 

suggests some of the data are outliers. 

Outliers were identified using the confidence interval of the XPS peak areas. The ratio of 

Pd to each of the amine XPS peak areas was used to compute the confidence intervals 

instead of the absolute peak areas shown in Figure 10. The ratio references the XPS data 

and accounts for experimental uncertainty due to small differences in the position, takeoff 

angle, background subtraction, and other factors that introduce sample to sample 

variation. The 95% confidence interval for the Pd to NH2 ratio is 1.9 to 7.5 and three 

points were discarded at the 5% significance level. The 95% confidence interval for the 

Pd to NH3
+ ratio is 2.5 to 4.4 and two points were discarded at the 5% significance level. 

Note that these values are not molar ratios because elemental sensitivity has not been 

included. The XPS peak areas with the outliers discarded are shown in Figure 11. 

The XPS peak area is proportional to amount, and the amount of Pd deposited depends 

linearly on the coverage of protonated amine groups on the surface. We use the terms 

amount for Pd and coverage for the amine groups because we know that Pd is in clusters 

with unknown thickness and the amines are part of a monolayer. Fitting the Pd and –

NH3
+ data to a line and extrapolating shows that it intersects the y-axis close to the origin. 

The number of–NH3
+ groups on the surface determines the amount of Pd deposited. Keep 

in mind that these XPS measurements are made after the Pd deposition bath, hence these 

protonated amine groups are present along with the nonprotonated amine groups and Pd. 
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The amount of Pd also increases monotonically with the coverage of the nonprotonated 

amine groups. At low amounts of Pd and nonprotonated amine, the trend line 

extrapolated to the origin intersects the y-axis at a relatively large value. A threshold of 

Pd has to be reached before –NH2 groups are left on the surface after deposition. This 

could be due to the growth of Pd clusters that cover amine groups. Once this threshold is 

reached then the amount of Pd varies linearly with the coverage of the –NH2 groups on 

the surface after the Pd deposition bath. If the sharp increase in the Pd is accurate, then 

the amount of Pd is independent of the –NH2 coverage as more Pd is deposited.  

The correlation between the Pd deposited and the –NH3
+ state is consistent with the 

involvement of the protonated amine groups in the adsorption of Pd, and contradicts the 

observation that Pd deposits as metal. The form of Pd associated with –NH3
+ is Pd(2+) in 

the PdCl4
2- complex, not Pd(0). The –NH3

+ groups adsorb the PdCl4
2- complex but are 

unable to reduce the complex to Pd metal. In our experiments, there was no reducing 

agent added to the Pd deposition bath. We know that organic molecules such as alcohols 

and aldehydes reduce metal ions to atoms. Below we discuss the possibility that methanol 

contaminated the Pd deposition bath and argue against it. Instead the –NH2 groups reduce 

the PdCl42- complex converting Pd(2+) to Pd(0). The –NH2 groups are oxidized in the 

process forming –NH2•+, which is an amine radical cation. A possible overall reaction 

follows. 

 −𝑁𝑁𝑁𝑁3+‧‧‧𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙42−‧‧‧𝑁𝑁3+𝑁𝑁 −  + 2(−𝑁𝑁𝑁𝑁2)

→  −𝑁𝑁𝑁𝑁2 •+ ‧‧‧𝑃𝑃𝑃𝑃‧‧‧ • 𝑁𝑁2+𝑁𝑁 −  + 2(−𝑁𝑁𝑁𝑁3+) +  4𝑃𝑃𝑙𝑙− 

[4] 
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We expect the XPS state associated with –NH2•+ to shift to higher binding energy 

compared to –NH2, and mix with the –NH3
+ state. The amount of Pd(0) metal deposited 

increased with the coverage in the mixed –NH3
+/–NH2•+ state. This mechanism does not 

explain the large variation in the nonprotonated amine coverage, nor the source of the –

NH2 groups left on the surface. The –NH3
+ groups catalyze the deposition of Pd. The –

NH2 groups react forming either –NH3
+ because of the low pH or –NH2•+ which is 

covered by Pd.  

We did not control for the incoming coverage of nonprotonated and protonated amine 

groups on the surface, and even if we had been able to, the low pH of the Pd deposition 

bath would have changed it. The mechanism must be more complicated than depicted by 

the overall reactions. The ratio of Pd to N is 0.4 ± 0.2 and multiple amine groups 

coordinate one Pd atom, and recall that the nonprotonated and protonated amine groups 

interconvert as shown in Equation 1. Since the amine groups are part of a self-assembled 

layer they have more translational freedom than a solid surface. There is a distribution of 

binding sites and coordination possible between Pd and the amines. The local bonding 

geometries give rise to a range of energies for the surface reactions.  

Partially oxidized organic molecules are reducing agents for electroless deposition of 

palladium (7). Instead of nonprotonated amine groups, alcohol present in the SAM could 

reduce Pd(2+) to Pd(0). Methanol could be trapped between alkyl chains as the self-

assembled monolayer formed or during rinsing. Methanol is very soluble in water. Since 

weak van der Waals forces hold methanol in the SAM, it should escape from the SAM 

when the sample is put in the aqueous Pd deposition bath. Methanol could reduce Pd(2+) 



88 
 
at the surface or in solution and the reduced Pd could form small particles that deposit on 

the surface. Another possible methanol source is the APTMS layer itself. Acres and 

coworkers used metastable induced electron spectroscopy (MIES), UV photoelectron 

spectroscopy (UPS), and XPS combined with density of states calculations to understand 

the bonding of aminopropyltriethoxysilane (APTES) with a silicon dioxide surface (47). 

If only one or two ethoxy groups react to form siloxane (Si-O-Si) bonds with the surface 

or with neighboring molecules, then any remaining ethoxy groups can react at a later 

time. They also found that APTES can bond to the surface the other way around via the 

amine group. This arrangement leaves three ethoxy groups at the top of the layer. When 

an ethoxy group either within the film or at the top of the SAM layer reacts with water, 

an ethanol molecule is produced. If the methoxy groups in APTMS react partially during 

layer formation, then the unreacted groups are a potential source of methanol. The 

methanol could be produced when the APTMS contacts water during Pd deposition. We 

heated a sample with an APTMS layer at 200 °C in flowing nitrogen for 1 h to desorb 

methanol before immersing it in the Pd bath. The amount of Pd deposited on this sample 

was in the range of the other values on nonannealed samples (data not shown), suggesting 

methanol is not the reducing agent. 

3.4.4 Plating Co on the Catalyst Covered Surface   

Co initially nucleated as non-continuous islands, as shown by SEM. Incoming Co ions 

continued to deposit on the nucleated Co islands, as confirmed by the increase in 

roughness and increase in feature density and size by AFM. SEM further showed that the 

Co islands expanded until they encroached on one another, forming multilayers with 
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small voids. Once nucleation completed, the multilayers grew into a continuous film. 

Film closure was apparent in the SEM images, and was confirmed by the Si XPS signal, 

which was attenuated by the growing Co film. The palladium signal was attenuated after 

immersion in the Co bath and was observed at low Co dosing times and only on a few 

samples. Co initially deposited on the Pd islands completely covering them and explains 

why Pd does not appear in the XPS at higher Co dosing times. 

The Co deposition mechanism described above is shown in Figure 12. In Figure 12a, Co 

deposits on a Pd island. In Figure 12b, Co continues to surround the Pd, forming an 

island of Co. In Figure 12c, Co deposits on itself and the islands grow together. Cheng et 

al. electrolessly deposited Co onto a Si substrate pre-sensitized with Sn and activated 

with Pd (6). XTEM showed island-like Co particles of several tens of nanometers in size 

that grew and coalesced with neighboring particles, eventually forming a continuous film. 

Cui et al. treated a glass substrate with APTMS, activated the surface with a Pd/Sn 

catalyst, and then electrolessly deposited Cu (20). SEM and AFM images showed Cu 

particles starting at an average grain size of 48 nm, growing to 70-80 nm, then forming a 

uniform and continuous film. 

The NH3
+ to NH2 ratio based on XPS peak areas was 1.39 ± 0.98 prior to Co deposition 

and decreased after Co deposition. XPS also revealed a 50% increase in N content after a 

short Co dosing time of 30 sec. DETA reaction products were the likely source of the 

additional primary amines. As a complexing agent, DETA chelates with Co to form Co-

DETA complexes that control the Co ion concentration in solution and slow the Co ELD 

rate avoiding particle formation. Some of these complexes adsorbed onto the ELD 
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surface, increasing the primary amine content. The NH3

+ to NH2 ratio continued to 

decrease as the Co dosing time increased, showing that contamination occurs slowly over 

time (see Figure S8 in the Supplementary Material).  

Metallic Co was only observed at higher dosing times because Co is susceptible to 

oxidation at lower dosing times when the layer was thin. The electrochemical mechanism 

explains the presence of metallic Co, where DMAB (the anodic reducing agent) is 

oxidized and releases electrons while the free Co(II) ions (the cathodic metal) are reduced 

and gain these electrons. Out of 16 Co samples analyzed by XPS, only one showed 

evidence of boron. Therefore, this electron exchange must occur in solution instead of on 

the catalytic surface, as B from the DMAB was rarely found. Although Co-B alloys are 

commonly formed by ELD, B was also not seen in the ELD of Co(W) thin films using 

DMAB (48). The adhesion tape test on the ELD surface showed the removal of some Co. 

Small bubbles were also seen on the coupon surfaces while in the ELD solution. These 

bubbles are H2 gas that is commonly generated as a result of the ELD process. H2 gas can 

cause internal stresses in the film, and hence decrease adhesion (10). To alleviate 

hydrogen generation, ultrasonic agitation can be used during ELD (49, 50). Other 

methods to improve ELD coverage and adhesion include a heat treatment after plating or 

the use of surfactants such as sodium dodecyl sulfate during ELD (4, 16, 24, 51). 

The uniformity of Co nucleation indicates that the Pd is well dispersed on the surface. 

The images in Figure 5a-c show Co islands at different length scales. The highest 

magnification SEM image in Figure 5d taken after the 30 s immersion in the Co bath 

shows that Co nucleates evenly on the surface. The bright spots in this image are Co not 
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Pd. Pd clusters could not be imaged because there were no features on the surface after 

depositing Pd in the SEM image in Figure 6a or in the AFM image in Figure 8b. The 

brightest spots in Figure 5d are about 10 nm in diameter and are set in a semi-transparent 

white background. The bright spots are thicker three-dimensional Co islands which were 

imaged by AFM (Figure 8c). The background is a thinner layer of Co which deposited 

consistently across the surface and means that the Pd layer was evenly distributed as well 

at least on a scale of about 100 nm despite the submonolayer coverage. We confirmed in 

control experiments that Co only deposited when Pd was present. Pd was typically not 

detected on the surface by XPS once Co was deposited (Figure 7), which is consistent 

with Co covering the Pd. The N in the XPS in Figure 7 is likely due to the reaction of the 

reducing and chelating agents with the Co film not APTMS.  

The dark fractal-like pattern of open areas in the Co film after 1 min (Figure 6c) 

disappeared after 1.5 min (Figure 6d) as islands grew together and the film closed off. 

We still see the Si substrate in the XPS at 3 min, which indicates that pin holes were 

present, but the Si state is attenuated by the Co film at 5 min (Figure 7). Boundaries that 

appear to delineate islands are especially apparent in the SEM in Figure 6e after 5 min 

and the AFM image in Figure 8d after 2 min. The surface roughness measured by AFM 

increased dramatically after depositing Co. The Co films had a light brown color (Figure 

6f) and flakes were common. 

Kind et al. showed using STM that Pd formed islands that were 1.5-6 nm in diameter and 

distributed uniformly on an APTES layer at a pH of 1 using dimethylamine borane as a 

reducing agent (17). Co was deposited electrolessly on the Pd islands. Cui et al. found 
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that Cu deposited more quickly on Pd seeds adsorbed on APTMS for the first 10 min of 

the reaction then the rate leveled off (20). The rate increased and the adhesion decreased 

as the temperature was raised, and they chose 40 °C to balance the two. The SEM and 

AFM images show islands that grow together and form a continuous Cu film after 5 min 

in the bath. 

3.5 Conclusion 

There are many recipes that deposit Pd on a surface covered by amine groups. Most 

recipes use reducing agents or sensitizers. We show that the amine groups terminating a 

SAM are active in reducing Pd ions to Pd metal. Immobilizing the reducing agent on the 

surface using the SAM avoids particle formation in solution especially in narrow 

geometries such as trenches or vias that are common in the patterned dielectric films that 

are used for nanofabrication. Also the specificity of the SAM head group, in our case a 

methoxysilane, can be used to deposit conformal metal layers selectively on patterned 

dielectric films including vertical sidewalls and recessed pockets. Eliminating an organic 

reducing agent and sensitizer simplifies the process and cuts down on the materials co-

deposited with the metal improving film purity and resulting in a thinner film. We 

worked under Pd bath conditions where monomeric Pd(2+) species are favored, which 

could enable the formation of metal lines deposited electrolessly that are a nanometer 

wide. We propose roles for both protonated and nonprotonated amine groups in the Pd 

deposition mechanism that may be applicable to other protonated functional groups such 

as thiols (–SH/–S-) and carboxylic acids (–COOH/–COO-) commonly found on SAM 

layers that are used as scaffolds to deposit a variety of other atoms and molecules. The 
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functional groups that are not covered by metal could be active in other reactions. 

Experiments are underway to try and control the coverage and morphology of the Pd 

layer and to image it. Also we want to obtain direct proof that –NH2 groups are the 

reducing agents. 
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3.6 Figure Set 

 

Figure 3: XPS core level N 1s spectra after depositing layers of a) APTMS and b) 
APTMS/Pd. The spectra were fit with two component peaks at 400.6 eV corresponding 
to protonated amines (–NH3

+) and 398.8 eV to nonprotonated amines (–NH2). Circle 
markers correspond to data and solid lines to fitting curves of the chemical states and the 
overall peak envelopes. 
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Figure 4: XPS core level spectra of a) Pd 3d state of APTMS/Pd film stack before and 
after a tape test and b) Co 2p state of APTMS/Pd/Co film stack before and after a tape 
test. In part a), spectra were fit with two sets of spin-orbit split peaks with the primary 
states at 337.0 eV assigned to Pd(2+) in the form PdO and at 335.5 eV assigned to 
metallic Pd(0). In part b), the Co bath deposition time was 5 min, and spectra were fit 
with five sets of spin-orbit split peaks with the primary states at 787.7 and 785.0 eV 
assigned to shake-up satellite peaks, at 782.0 eV assigned to Co(2+) in the form of CoO, 
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at 779.6 eV assigned to Co(3+) in the form of Co3O4, and at 777.2 eV assigned to 
metallic Co(0). Circle markers correspond to data and solid lines to fitting curves. 
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Figure 5: Series of topographical SEM images at increasing magnifications of an 
APTMS/Pd/Co film after a 30 s immersion in the Co bath where a) light areas are Co 
islands, b) one Co island, c) within the Co island, and d) outside of the Co island. Images 
were taken perpendicular to the surface. 
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Figure 6: Series of topographical SEM images at increasing Co bath times of a) 0 s, b) 30 
s, c) 1 min, d) 1.5 min, and e) 5 min. Images were taken perpendicular to the surface. A 
photo of an APTMS/Pd/Co sample after 5 min in the Co bath is shown in f). 
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Figure 7: XPS core level Co 2p, N 1s, Pd 3d, C 1s, Cl 2p, and Si 2p spectra of a) 
APTMS/Pd, and APTMS/Pd/Co after Co bath times of b) 30 s, c) 1 min, d) 1.5 min, e) 3 
min, and f) 5 min. Data is unavailable for the Co 2p state on APTMS/Pd and the Cl 2p 
state on APTMS/Pd/5 min Co. Circle markers correspond to data and solid lines to fitting 
curves. 
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Figure 8: AFM height images of a) APTMS, b) APTMS/Pd, c) APTMS/Pd/Co with a 1 
min Co dose, and d) APTMS/Pd/Co with a 2 min Co dose. The height scale of these 
images ranges from 3 to 50 nm, and the images have scale bars of 400 nm. 
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Figure 9: The mechanism for Pd deposition on APTMS, where (a) PdCl42- adsorbs onto 
a protonated amine site, (b) Pd(2+) forms a coordination complex with the electron lone 
pair on the amine group, and (c) Pd(2+) coordinates with two amine groups from 
neighboring APTMS molecules, forming a covalent bond.  
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Figure 10: Variation in the XPS peak areas of Pd and the amine groups after 
immersion in the Pd bath. The solution concentrations in the bath and deposition 
time were fixed. The depositions were done on different days. 
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Figure 11: The XPS peak area data for Pd and the amine groups after discarding outliers 
as explained in the text. 
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Figure 12: The nucleation and growth mechanism for Co ELD on Pd and APTMS 
where (a) Co nucleates on Pd, (b) Co saturates Pd forming Co islands, and (c) Co 
grows on the initial Co islands forming a continuous film. 
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CHAPTER 4: FUTURE WORK 

Three major areas can be examined to further the research described above. This includes 

1) annealing, 2) ultrasonication, and 3) characterization techniques. While annealing 

between the APTMS and Pd steps proved detrimental to the Pd and Co layers as 

described in Section S7 of the Supplementary Material, annealing after seed deposition 

has been found to increase adhesion (1, 3, 13, 24). Sheet resistance and resistivity also 

decreased by annealing after the seed step (1, 3, 4). Annealing between catalyst and seed 

depositions may also be worth exploring. Our annealing experiments were conducted on 

an atmospheric hot plate but annealing in a vacuum tube could provide better 

environmental control and may lead to better results.  

Substrates were ultrasonicated with solvents to remove physisorbed molecules but 

ultrasonication was never performed during deposition. Ultrasonication during metal 

deposition has been found to result in good uniformity and coverage along the via walls 

in through-silicon vias (3). Completely filled vias with seam/void-free metal was also 

achieved with ultrasonication.  

The Pd deposited on samples varied over a wide range even though the experiment was 

the same. Measuring the amount of Pd deposited as a function of immersion time and 

bath pH could show the conditions that result in more reproducible Pd amounts. Reliable 

Pd coverages would allow systematic measurements of the catalytic activity of the Pd and 

how the amount is correlated with the coverages of the amine groups that are part of the 

SAM layer. 
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More advanced characterization techniques would provide greater insight as well. A 

reliable method to determine resistivity and a quantitative technique to analyze adhesion 

were unavailable at the time of research but these characterizations could allow for 

optimization of the experimental procedures and comparisons to current literature. Also 

imaging the Pd islands with AFM or SEM would be beneficial to understanding the 

deposition mechanism and the catalytic properties of the islands. 
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APPENDIX A: SUPPLEMENTARY MATERIAL 

S1. Pd Coverage Calculation using X-ray Photoelectron Spectroscopy Intensities 

Pd coverage was modeled using the following stack, with a Si substrate, SiO2 bottom 

layer, APTMS mid layer, and Pd over layer, as shown in Figure S1. 

 

Figure S1: Pd stack of Si/SiO2/APTMS/Pd with corresponding thicknesses, di. 

 

The integrated intensities of the Si and SiO2 XPS peaks after Pd deposition are shown in 

Equation S1 and Equation S2 (52). 

𝑰𝑰𝑺𝑺𝑺𝑺 = 𝑵𝑵𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝒆𝒆𝒆𝒆𝒆𝒆 �
−𝒅𝒅𝑺𝑺𝑺𝑺𝑺𝑺𝟐𝟐
𝝀𝝀𝑺𝑺𝑺𝑺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

� 𝒆𝒆𝒆𝒆𝒆𝒆 �−𝒅𝒅𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑺𝑺
𝝀𝝀𝑪𝑪𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

� 𝒆𝒆𝒆𝒆𝒆𝒆� −𝒅𝒅𝑨𝑨𝒅𝒅
𝝀𝝀𝑨𝑨𝒅𝒅𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

�                                                     [S1] 

 

𝑰𝑰𝑺𝑺𝑺𝑺𝑺𝑺𝟐𝟐 = 𝑵𝑵𝑺𝑺𝑺𝑺𝑺𝑺𝟐𝟐𝑺𝑺𝑺𝑺𝑺𝑺 �𝟏𝟏 − 𝒆𝒆𝒆𝒆𝒆𝒆�
−𝒅𝒅𝑺𝑺𝑺𝑺𝑺𝑺𝟐𝟐
𝝀𝝀𝑺𝑺𝑺𝑺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

�� 𝒆𝒆𝒆𝒆𝒆𝒆�−𝒅𝒅𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑺𝑺
𝝀𝝀𝑪𝑪𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
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𝝀𝝀𝑨𝑨𝒅𝒅𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

�                             [S2] 
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The signal from each layer is attenuated by the layer above. Therefore, the exponential 

factors in Equation S1 and Equation S2 are due to the loss in intensity of each over layer. 

Dividing Equation S2 by Equation S1 and rearranging the equation results in the 

molecular density of SiO2, as shown in Equation S3. 

𝑵𝑵𝑺𝑺𝑺𝑺𝑺𝑺𝟐𝟐 =
𝑰𝑰𝑺𝑺𝑺𝑺𝑺𝑺𝟐𝟐
𝑰𝑰𝑺𝑺𝑺𝑺

𝑵𝑵𝑺𝑺𝑺𝑺
𝒆𝒆𝒆𝒆𝒆𝒆�

−𝒅𝒅𝑺𝑺𝑺𝑺𝑺𝑺𝟐𝟐
𝝀𝝀𝑺𝑺𝑺𝑺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

�

𝟏𝟏−𝒆𝒆𝒆𝒆𝒆𝒆�
−𝒅𝒅𝑺𝑺𝑺𝑺𝑺𝑺𝟐𝟐
𝝀𝝀𝑺𝑺𝑺𝑺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

�
                                                                                                    [S3] 

 

Where, 

NSiO2 = molecular density of SiO2 in atoms/cm3 

ISiO2 = integrated intensity of the Si 2p XPS peak at a binding energy of 102 eV 

ISi = integrated intensity of the Si 2p XPS peak at a binding energy of 98 eV 

NSi = atomic density of Si = 5 x 1022 atoms/cm3 

dSiO2 = chemical oxide (SiO2) thickness as measured by ellipsometry = 14.9 Å (53) 

λSi = inelastic mean free path for photoelectrons from Si = 29.24 Å for a Mg radiation 

source or 33.45 Å for an Al radiation source (54) 

θ = emission angle of the detected photoelectrons from the surface normal = 25° 
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The molecular density of SiO2 was then used to calculate the atomic surface density of 

the Pd over layer. The integrated intensity of the Pd 3d5/2 XPS peaks is shown in 

Equation S4. 

𝑰𝑰𝑨𝑨𝒅𝒅 = 𝑵𝑵𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔,𝑨𝑨𝒅𝒅

𝒅𝒅𝑨𝑨𝒅𝒅
𝑺𝑺𝑨𝑨𝒅𝒅 �𝟏𝟏 − 𝒆𝒆𝒆𝒆𝒆𝒆� −𝒅𝒅𝑨𝑨𝒅𝒅

𝝀𝝀𝑨𝑨𝒅𝒅𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
��                                                                          [S4] 

 

Dividing Equation S4 by Equation S2 and rearranging the equation results in the atomic 

surface density of Pd, as shown in Equation S5. 

𝑵𝑵𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔,𝑨𝑨𝒅𝒅 = 𝑰𝑰𝑨𝑨𝒅𝒅
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�
                                 [S5] 

 

Where, 

Nsurf, Pd = atomic surface density of Pd in atoms/cm2 

IPd = integrated intensity of the Pd 3d5/2 XPS peaks at binding energies ranging from 

335.5 to 338.8 eV. 

SSi = atomic sensitivity factor of Si 2p = 0.27 (31) 

SPd = atomic sensitivity factor of Pd 3d5/2 = 2.05 (32) 

dPd = Pd thickness as measured by ellipsometry = 3.1 Å 

dAPTMS = APTMS thickness as measured by ellipsometry = 7.8 Å (53) 
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λC = inelastic mean free path for photoelectrons from the C in APTMS = 32.07 Å for a 

Mg radiation source or 36.71 Å for an Al radiation source (54) 

λPd = inelastic mean free path for photoelectrons from Pd = 21.59 Å for a Mg radiation 

source or 24.62 Å for an Al radiation source (54) 

 

S2.Collection of Scanning Electron Microscopy Images of Pd and Co Samples  

 

Figure S2: Series of topographical SEM images of a Pd sample at increasing 
magnifications. The images are top views taken perpendicular to the surface. 
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Figure S3: Series of topographical SEM images of a 1 min Co dose at increasing 
magnifications showing 10 nm wide voids. The images are top views taken perpendicular 
to the surface. 
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Figure S4: Series of topographical SEM images of a 1.5 min Co dose at increasing 
magnifications showing nucleation points. The images are top views taken perpendicular 
to the surface. 
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Figure S5: Series of topographical SEM images of a 5 min Co dose at increasing 
magnifications. The images are top views taken perpendicular to the surface. 
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S3. Photographic Images of Delaminated Co Samples 

 

Figure S6: Photographic images of APTMS/Pd/Co at Co dosing times of a) 5 min, b) 7 
min, and c) 10 min. Slight delamination is visible in the center and top of the coupon in 
Figure S6b. Major delamination is visible on the majority of the coupon in Figure S6c. 
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S4. X-ray Photoelectron Spectroscopy of Cl in a Pd Sample 

 

Figure S7: XPS core level Cl 2p spectrum of an APTMS/Pd sample. 
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S5. NH3

+ to NH2 Ratio at Individual Co Dosing Times 

 

 

Figure S8: Semi-logarithmic plot of the average protonated to nonprotonated amine ratio 
at individual Co dosing times.  
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S6. X-ray Photoelectron Spectroscopy of Pd in a Co Sample 

 

Figure S9: Survey XPS spectrum of an APTMS/Pd/30 s Co sample. 

 

S7. Post-APTMS Annealing 

Samples were annealed after depositing APTMS and prior to depositing Pd to investigate 

the effect on bonding between APTMS and Pd. Annealing was performed in open 

atmosphere on a hot plate for 30 min at 125-130 °C. Pd immersions were performed in 

open atmosphere with the standard 2 min dose followed by a UPW rinse for a few 

seconds. High-resolution Pd 3d XPS spectra of the standard APTMS/Pd deposition and 

APTMS/Pd with an anneal step between the SAM and metal immersions (not shown) 

showed that annealing of the APTMS suppressed Pd deposition by 55%. Metallic Pd was 
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not present on the samples and was most likely due to performing the Pd deposition in 

open atmosphere instead of in the N2-filled glove box. The presence of strongly oxidized 

PdO2 was also seen. Figure S10 shows high-resolution Co 2p spectra of APTMS/Pd/Co at 

Co dosing times of 1 and 1.5 min, as well as the same layers with an anneal after APTMS 

deposition.  

 

Figure S10: XPS core level Co 2p spectra of a) APTMS/Pd/Co with 1 min Co dose, b) 
APTMS/anneal/Pd/Co with a 1 min Co dose, c) APTMS/Pd/Co with a 1.5 min dose, and 
d) APTMS/anneal/Pd/Co with a 1.5 min dose. 

 

Similar to the APTMS/Pd results, annealing prior to Pd immersion caused a decrease in 

Co content. The Co data corroborates the Pd data and shows that annealing reduced the 



119 
 
surface atom density of Pd on APTMS. Samples that were not annealed after the APTMS 

film were deposited with the Pd and Co layers reported in the paper. The 71.2-74.6% 

reduction in the amount of Co was due to the decrease in Pd content and displays the 

importance of Pd as a catalyst to encourage Co ELD. Figure S10c also shows the 

presence of metallic Co at the higher dosing time of 1.5 min. Metallic Co is not present at 

the lower dosing time of 1 min or on the annealed samples. 
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