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ABSTRACT The fabrication of electrical interconnects to provide power for and communication with computers as their component
complementary metal oxide semiconductor (CMOS) devices continue to shrink in size presents significant materials and processing
compatibility challenges. We describe here our efforts to address these challenges using top-surface imaging and hybrid photoresist/
self-assembled monolayer patterning approaches, in conjunction with selective electroless metal deposition, to develop processes
capable of fabricating appropriate submicron and nanoscale metal features useful as electrical interconnects, as well as plasma-etch-
resistant masks and metal diffusion barriers. Our efforts focus on the development of cost-effective methods compatible with a
manufacturing environment that satisfy materials and process constraints associated with CMOS device production. We demonstrate
the fabrication of ∼50-nm-width features in metal with high fidelity and sufficient control of edge acuity to satisfy current industry
design rules using our processes and discuss the challenges and opportunities for fabrication of analogous sub-10-nm metal features.
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I. INTRODUCTION

Nanotechnology is concerned with the development
of materials and procedures required for fabrication,
ultimately in an atom-by-atom fashion, of structures

and assemblies having unique properties or capabilities
dictated by their size, composition, and organization (1-4).
However, in many cases, the ability to utilize such precisely
structured systems successfully will also require an interface
to the macroscopic world. For example, future computers
having components of a few nanometers or even molecular
dimensions, whatever their ultimate architectures (5-8), will
still require some means of power and communication with
the user (9). Although metal interconnects provide these
functions in current devices, problems such as metal elec-
tromigration (10), corrosion (11), and diffusion (12) are
expected to compound as metal feature sizes continue to
shrink. These issues may ultimately limit the ability of metal
features to function as useful electrical interconnects as the
active components (e.g., transistors) of devices approach
molecular dimensions (i.e., <1 nm) (9). Nevertheless, metal
interconnects will still be required to interface users with
whatever alternative interconnect technology is adopted as
devices approach such ultrasmall dimensions. Conventional
nanolithography and metallization techniques, spanning the
size range <10-100 nm, offer one possibility for the
fabrication of requisite interconnects, provided that the
appropriate manufacturing issues can be addressed.

Specifically, any such process suitable for manufacture
must satisfy certain basic criteria (13). First, the process must
be compatible to the greatest possible extent with standard
lithographic fabrication techniques to take full advantage of
the available electronics infrastructure. Given the massive
financial investments involved, manufacturers are not yet
ready or willing to completely abandon existing infrastruc-
ture and technologies, even as they move beyond devices
with nominal minimal dimensions of 45 nm currently in
production (14). Consequently, chances are diminished for
the adoption of processes incompatible with current infra-
structure and criteria specified by the semiconductor indus-
try roadmap (14) unless their use will provide clear and
substantial product performance advantages (e.g., cost,
power, speed) that justify the implementation costs.

Second, a process must utilize reliable, cost-effective
materials having acceptable properties in each process step.
For example, fast-photospeed polymers or photoresists
provide ideal materials for pattern definition in the imaging
layer at low cost and are highly preferred (15, 16). Metals
such as Cu or Al are preferred for interconnects (17) because
of their superior electrical conductivities compared to other
materials, such as organic conducting polymers. Other
metals, such as Ni, are also useful as diffusion barriers (18)
for Cu circuitry, as well as plasma etch masks (19) during
pattern transfer into the underlying substrate because of
their excellent resistance toward degradation under plasma-
etching conditions.

Third, deposition of materials onto the substrate during
the fabrication process must be selective and additive in
nature. Specifically, materials should be strongly adhered to
the substrate only where desired without the need for
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additional process steps to remove any loosely bound or
spurious “waste” deposits elsewhere. Material deposition
process steps should also ideally be aqueous-based to miti-
gate health and environmental concerns and rapid (<2 min)
to maximize process throughput and minimize cost.

We are investigating various molecular self-assembly
processes, in conjunction with electroless (EL) metal
deposition (20-27) and ultraviolet (UV) (19, 28-48),
X-ray (31, 49-52), proximal probe (23, 53-58), micro-
contact printing (µCP) (31, 59-61), ion beam (49, 62), or
electron beam (22, 23, 29, 30, 35, 63) patterning tech-
niques, with the goal of developing processes suitable for
the manufacture of nanoscale metal features useful as
plasma etch masks, diffusion barriers, and electrical
interconnects for electronics applications. In this Spotlight
on Applications paper, we describe our work and some
related work by others toward this goal. The Appendix at
the end of this paper defines the various acronyms and
trade names used throughout the text. We begin with a
description of current EL processes for patterned metal
deposition and the development of new Sn-free EL cata-
lysts required for the selective EL plating of nanoscale
features with proper control of feature critical dimensions
for electronics applications. There follow descriptions of
approaches based on the use of these catalysts for the
selective metallization of (1) top-surface imaged self-
assembled monolayers (SAMs) or thin polymer films and
(2) patterned composite polymer photoresist-SAM films.
We restrict our discussion to organosiloxane-based SAMs
(64), given the importance of Si as an electronics sub-
strate. In many cases, however, the general photochemi-
cal and EL concepts underlying our imaging and metalli-
zation approaches, respectively, will be readily transferable
to other electronically interesting SAM-substrate systems
(65, 66), such as organothiol- (67), organophosphonate-
(68), or aryl- (69) SAM-GaAs. Finally, the fabrication of
sub-10-nm metal features with high fidelity and accept-
able control of feature critical dimensions (i.e., e5%
variation in feature dimensions) for use as electrical
interconnects, plasma etch masks, or diffusion barriers
will certainly require the development of even more
advanced systems than those reported here. Therefore,
we conclude this paper with an account of some advances
concerning related new Sn-free and Pd-free EL catalysts
and selective metallization approaches suitable for manu-
facture and their use with patterned polymer and SAM
template films.

II. EL METAL DEPOSITION
EL deposition is a process for chemical deposition of

metal from a solution containing a reducing agent and a
complex of an ion of the metal to be plated onto a catalyzed
substrate surface (70). The process is generally inexpensive
and can be performed in a manufacturing environment at
or near room temperature under ambient, aqueous condi-
tions. EL plating is amenable for the deposition of conformal
metal films onto either planar (19) or nonplanar (21, 22, 71)
substrates, including properly catalyzed (vide infra) insula-

tors. Metals useful for electronics applications that can be
readily plated include noble metals (e.g., Au, Ag, Pt, and Pd)
and certain other first-row transition metals such as Cu, Ni,
Co, and Fe (72, 73) and their alloys. Recently, the EL
deposition of Al has also been demonstrated using an ionic
liquid solvent (74). Many of these metals are themselves
autocatalytic and will sustain further EL metal deposition
even after the surface catalyst is covered by the metal
deposit.

EL deposition is an exceedingly complex process involving
multiple simultaneous redox processes at or near a substrate
surface that is continually changing its composition, structure,
and morphology as the plating process proceeds. Despite
various experiment-based models (75-79), mechanistic details
of metal deposition at the substrate surface remain unclear.
Mixed potential theory (MPT) (80) remains perhaps the most
widely used model for EL deposition. It describes EL plating in
terms of an initial spontaneous oxidation of the reductant at a
catalytic surface, leading to electron charging of the surface until
its electrochemical potential becomes sufficiently negative to
reduce the metal complex to metal. MPT provides an adequate
description of the plating process when electron transfer
between the reductant and metal ion is mediated by the
catalytic surface and can be described by diffusion-controlled
or electrochemically controlled partial reaction currents (80-82).
It fails if direct electron transfer between the reductant and
metal ion (83) can also occur. More recent ab initio molecular
orbital studies by Homma and co-workers (84-88) suggest that
the stability of five-coordinate intermediates formed by the
attack of hydroxide on reductants adsorbed on the surface,
together with the electron acceptor ability of the surface,
comprises key mechanistic steps for the EL plating process. As
a result of advances such as these, improved EL deposition
models that further our understanding of the process continue
to be developed (89-91).

II-A. EL Pd-Sn Catalysts. Commercial EL catalysts
are typically core-shell Pd-Sn colloidal species exhibiting
complex compositions and chemistries (92-94). The core
comprises a Pd-rich, zerovalent, crystalline Pd-Sn alloy
(PdxSn1-x; 0.6 < x < 1.0) (92, 95), which functions as the
catalytically active component for EL deposition. It is sur-
rounded by a �-stannic shell consisting primarily of µ-hy-
droxy-bridged SnII and SnIV oligomers (92, 96) whose chemi-
cal composition and thickness can vary profoundly with the
pH, solution composition, temperature, oxygen exposure,
and catalyst age and processing history (97-99). Conse-
quently, although catalyst particles are typically ∼2 nm in
diameter (92, 100), size ranges from 1 to ∼5 nm have been
reported (97-99, 101). The �-stannic shell stabilizes the
catalyst dispersion in aqueous solution against aggregation
by virtue of its inherent negative charge and hydrogen-
bonding interactions with associated water molecules (93).
In addition, SnII species within the shell reduce any PdII

formed via inadvertent oxidation of the Pd-Sn core (e.g.,
due to oxygen exposure) (92), maintaining the zerovalent
Pd-Sn core state required to catalyze EL deposition. Finally,

SPO
T
LIG

H
T

www.acsami.org VOL. 1 • NO. 1 • 4–25 • 2009 5

D
ow

nl
oa

de
d 

by
 1

94
.4

4.
31

.3
0 

on
 N

ov
em

be
r 

3,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 J
an

ua
ry

 1
2,

 2
00

9 
| d

oi
: 1

0.
10

21
/a

m
80

01
21

d



the �-stannic shell also adheres the catalyst particle to the
substrate to be plated (92, 96).

The adhesive properties of the �-stannic shell are critically
important for use of the Pd-Sn colloid as an EL catalyst. The
�-stannic shell does not adhere well to clean, hydroxylated
inorganic oxide surfaces like those of native silicon oxide,
unlike other simpler monomeric tin(IV) alkoxides (102, 103)
or tin(II) salts (104, 105) that chemisorb directly to various
hydroxylated surfaces. In contrast, the �-stannic shell does
adhere to many other surfaces, including polymer photore-
sists, useful for electronics applications. However, adhesion
is generally weak, suggesting that binding occurs via van der
Waals or other noncovalent interactions.

A subtractive process, as illustrated in Figure 1, is typically
employed for patterned metallization using Pd-Sn catalysts
because of their poor binding selectivity characteristics. A
photoresist coating the substrates is first imaged and devel-
oped (step 1) to define the desired pattern. The Pd-Sn
colloid is then adsorbed onto both the photoresist polymer
and the areas of the substrate uncovered on the channel
floors defined by the developed photoresist (step 2). Before
EL metallization can proceed, however, an acid “accelera-
tion” treatment that dissolves a portion of the �-stannic shell
to expose the catalytically active Pd-Sn core to the EL
plating solution (step 3) is usually performed. Treatment
temperature, time, and acid concentrations are carefully
controlled to prevent pattern degradation via dissolution of
that portion of the �-stannic shell anchoring the catalyst
particle to the substrate. The substrate is then immersed in
the EL plating bath, which deposits metal over the entire
catalyzed surface (step 4). Metal growth usually continues
in an autocatalytic fashion even after the Pd-Sn is fully
coated. Selectivity is achieved through dissolution of the
remaining photoresist following plating, which lifts off the
metallized photoresist from the metal patterned substrate
(step 5).

There are several disadvantages to subtractive EL metal
deposition as practiced in Figure 1. Because the Pd-Sn
catalyst adsorbs nonselectively to both photoresist and
substrate, metal deposition occurs everywhere in a subtrac-
tive process. Disposal of the waste photoresist and unwanted
metal adds to the process cost and can pose environmental

hazards. During the lift-off process, tearing of the metal at
the photoresist-substrate boundary at the channel edge
increasingly compromises the edge acuity of the desired
metal feature remaining on the substrate as the feature size
decreases. In addition, undesirable metal lift-off from the
substrate can also occur, especially on smooth substrates for
thicker metal features required for use as electrical intercon-
nects, because of the weak adhesion of the Pd-Sn catalyst.

Efforts to surmount these problems have focused prima-
rily on the development of alternative schemes that directly
deposit a pattern of the Pd-Sn catalyst “ink” onto the
surface for plating. For example, µCP provides an efficient
means for additive EL plating via selective deposition of
catalyst solely onto those regions of the surface to be plated
(106, 107). In this method, a surface-modified poly(dimeth-
ylsiloxane) stamp bearing patterned features in relief is
treated with Pd-Sn colloid “ink” and the stamp is used to
transfer the colloid pattern directly onto the substrate, which
is then plated. Although unable to directly catalyze EL
deposition, tin(II) salt or colloid inks (108) are also effective.
In this case, reduction of a transition metal ion such as AgI

to an active EL catalyst such as Ag0 by the SnII surface pattern
is required to initiate EL plating. Because feature resolution
for µCP is improved for smoother substrate surfaces (66, 109),
metal adhesion issues remain a concern. Nevertheless,
through the use of chemisorbed (protonated) (aminoalkyl-
)siloxane SAMs capable of electrostatically interacting with
the anionic Pd-Sn catalyst (92, 110), adhesive microscale
EL Ni features of thickness ∼400 nm have been fabricated
via µCP on smooth glass plates (107). The fabrication of
submicron and eventually nanoscale EL metal features will
clearly depend on the development of improved catalysts
(106) and µCP techniques and equipment capable of printing
sub-100-nm resolution features (111, 112).

Metal adhesion can also be improved by using substrates
having naturally, or mechanically/chemically induced, rough-
ened surfaces that mechanically stabilize the EL plate. For
example, inkjet printing provides an efficient means to
directly write patterns of Pd-Sn on paper (20). The Pd-Sn
colloid binds well to the cellulose fibers (72, 113) comprising
paper and maintains its ability to catalyze EL metal deposi-
tion. EL plating of Pd-Sn-patterned paper provides a com-
posite material of use for decorative, flexible electronics, and
microwave applications. For example, Figure 2 illustrates an
array of EL Cu hexagonal split-ring resonators useful for high-
performance microwave applications prepared in this fash-
ion. Although the Cu feature width is limited to ∼100 µm
because of geometric restrictions on the minimum printable
Pd-Sn droplet size and the natural roughness of the cellulose
fibers (diameter ∼20 µm), the latter enhances adhesion of
the Cu deposit. In fact, surface microroughening enables the
use of Pd-Sn colloid-based EL deposition processes for
fabrication of printed circuit boards, filling via holes, and
numerous other lower-resolution electronics applications
(114, 115). However, for submicron or smaller feature sizes,
the surface roughness increasingly limits feature definition
during patterning and ultimately compromises the fidelity

FIGURE 1. Subtractive EL metallization. The process sequence is
shown for patterned metallization based on EL metal deposition
onto a Pd-Sn-catalyzed patterned photoresist, followed by lift-off
of the excess photoresist and unwanted EL metal.
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of the plated metal feature. Consequently, alternative meth-
ods are required to control EL metal adhesion at these
dimensions.

II-B. Sn-Free EL Pd Catalysts. The use of covalent,
rather than noncovalent, interactions to adhere the catalytic
Pd core to the surface to be plated represents a straightfor-
ward and attractive means to enhance EL metal adhesion
(42, 45, 46). In addition to increased adhesion strength, the
specificity of covalent interactions offers a means to improve
the selectivity of the EL plating process (44). Our approach
involves a partitioning of the catalytic and adhesive functions
of the Pd-Sn colloid between the particle and the substrate
surface, respectively, that simplifies the nature of the catalyst
particles. Because specific, covalent interactions between
ligand functional groups present at a substrate surface and
catalytic Pd species anchor the catalyst, the adhesive �-stan-
nic shell is no longer required.

There are several advantages to using such an approach.
First, it simplifies the composition of the catalysts and
eliminates the use of environmentally hazardous Sn species
in the process. Furthermore, the use of surface ligand-
binding sites increases the versatility of the process, elimi-
nating Pd-Sn catalyst stability issues by allowing the use of
air-stable PdII species that can be reduced in situ during the
plating process to active Pd0 catalysts. In addition, the nature
of the ligands provides a means to tune the binding strength
(42, 45, 46), with chelating and/or good π-acceptor ligands
capable of stabilizing the bond to the catalytically active Pd0

state via π-back-bonding interactions preferred.
Although some substances naturally possess ligand func-

tional groups as an integral part of their structure (116-118),
most polymers and materials useful as electronics substrates
do not. Consequently, ligand functional groups must first be
created on their surfaces to enable catalysis via our Sn-free
Pd method. Scheme 1 illustrates the structures of several

organosiloxane ligands capable of efficiently covalently
binding Pd species for EL plating. Organosiloxane ligands
provide a convenient means to introduce the requisite
surface ligands onto the substrate to be plated as SAMs
(64, 119, 120) via straightforward chemisorption reactions
with reactive substrate hydroxyl groups. Such groups may
occur naturally on the substrate surface (e.g., native silicon
oxide) (19, 64, 119, 120) or may be created via mild
chemical or radio-frequency (RF) plasma treatment (e.g.,
diamond (36) or polymers (121)).

Although binding of monomeric PdII species to surface
ligand sites on SAMs readily occurs, the discrete monomeric
PdII/ligand complexes formed do not support EL metal
deposition (122-124). Because the bound Pd species are
typically present at concentrations of only ∼(2-4) × 1014

Pd atoms · cm-2 (27), the sizes and numbers of Pd0 islands
formed during reduction are insufficient to offset quenching
of the metallization process by oxygen and inhibitors present
in the EL bath (125). In addition, the reactivity of smaller
Pd0 islands is also diminished by their interaction with the
ligand, which can reduce the density of states near the Fermi
level that maintain the metallic properties of the particle
required for catalysis (124). Consequently, EL metal deposi-
tion, even if it initiates on such surfaces, cannot be sustained.

Previous work using Pd-Sn colloids has shown that
sustained EL metallization requires a threshold surface
concentration of >1015 Pd atoms · cm-2 (126), a value that
exceeds levels for monomeric PdII/ligand SAM complexes.
Consequently, metallization processes using simple ligand
SAMs, such as those shown in Scheme 1, will require binding
of Pd-based oligomers or colloids to exceed the threshold.
Fortunately, oligomers and colloids capable of covalently
binding ligand SAMs are readily formed by controlled hy-
drolysis or the reduction of aqueous PdII solutions. For
example, hydrolysis of PdCl42- in aqueous solution proceeds
at pH > 1 via sequential reversible loss of chloride ligands
to form mixed choro-aquo complexes (e.g., eqs 1 and 2).

FIGURE 2. EL Cu microwave split-ring resonators on paper. Process
sequence: (1) inkjet print Pd-Sn catalyst pattern on paper; (2) paper
conditioning and acceleration in 0.1 M HCl(aq) (3 min); (3) Fidelity
1025 EL Cu bath (40 °C, 12 min) treatment; (4) H2O rinse; (5) vacuum
drying (15 min, 80 °C, ∼28 in. Hg).

Scheme 1. Some Ligand Organosilanes and Their
SAM Chemisorption Reactions
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PdCl4
2-+H2OT PdCl3(H2O)-+Cl- (1)

PdCl3(H2O)-+H2OT PdCl2(H2O)2 +Cl- (2)

As the solution pH is increased, deprotonation of the coor-
dinated water molecules increasingly occurs to generate
mixed chloro-aquo-hydroxy species (e.g., eq 3).

PdCl2(H2O)2T PdCl2(H2O)(OH)-+H+ (3)

Subsequent condensation of these species (e.g., via eq 4)
generates µ-hydroxy- and/or µ-chloro-bridged oligomers
whose length and composition depend on the preparation
conditions, including the solution pH, chloride levels, and
temperature (24, 25, 27).

3PdCl2(H2O)(OH)-f

Cl2Pd(µ-OH)2Pd(µ-OH)(µ-Cl)PdCl(H2O)-+ 2Cl-+
2H2O (4)

For example, recent EXAFS studies (127) have confirmed
the presence of oligomers containing 3-9 PdII sites with
structures similar to those shown in eq 4 for palladium(II)
salts hydrolyzed in room temperature 0.6 mol/kg NaCl(aq)
at pH 4-6. Self-assembly of the oligomers formed via eq 4
generates colloidal particles having labile surface sites ca-
pable of covalently binding surface ligands as effective EL
catalysts (25).

The ability to control the size and polydispersity of such
colloidal particles is critically important for their use as EL
catalysts for selective plating, especially for nanoscale fea-
tures. As illustrated in Figure 3A, the size of a colloid particle
can comprise a significant fraction of the nanoscale feature
size. EL metallization is an isotropic process, so that larger
catalyst particles will naturally yield larger metal particles
during plating (26). Therefore, if catalyst particles having
sizes comparable to the feature are bound, the resulting EL
metal film may fail to properly replicate the dimensions of
the feature pattern (45). This loss of pattern fidelity will be
accompanied by degradation of the plated feature edge
acuity when large colloid particles bind at the edge of
the pattern. In addition, under such circumstances, undesir-
able metal bridging between adjacent feature patterns can
also occur for closely spaced features, compromising the
pattern fidelity, as shown in Figure 3A.

Consequently, because the largest sized colloids present
in the dispersion will influence metal feature resolution, the
ideal catalyst comprises a monodisperse colloid having
particles of the smallest size possible. Unfortunately, no
colloid is truly monodisperse. In practice, we have empiri-
cally observed that the largest catalyst particles in a colloidal
dispersion should be no more than ∼10% the size of the
ligand SAM pattern to yield EL plated features satisfying the
current 5% design rule limiting feature size variations for
electronics applications (23, 29-31, 63). However, excep-
tions do exist. For example, colloid particle binding is also
dependent upon the nature (21) and coverage (26) of the
ligand on the surface to be plated. In fact, smaller compo-
nents of colloidal dispersions are preferentially bound at
surfaces bearing depleted ligand levels (26), permitting
selective EL plating of features smaller than would normally

be expected using polydisperse colloids of a given average
particle size and particle size range (24, 45).

These behaviors suggest that a repertoire of Pd-based
colloids is desirable to address the various circumstances
likely to be encountered during selective EL plating of feature
patterns. The average colloid particle size and polydispersity
are readily tuned via control of the PdII hydrolysis conditions.
For example, hydrolysis of PdCl42- in a mildly acidic solution
containing added chloride ions occurs relatively slowly (27).
The added chloride limits the production of aquo species
according to the equilibria of eqs 1 and 2, while the presence
of acid minimizes their dissociation via equilibria such as eq
3. As a result, the generation of PdCl2(H2O)(OH)- and related
species capable of nucleating oligomers via eq 4 occurs
simultaneously with the growth of existing oligomers. Under
these circumstances, highly polydisperse colloids having
both large average particle size and particle size range are
formed. Once formed, the colloidal particles will continue
to grow, as long as sufficient PdCl2(H2O)(OH)- is present,
until size-induced aggregation leading to their separation
from the liquid phase as a bulk precipitate occurs. Therefore,
the colloid, once formed, must be stabilized by the addition
of excess chloride to suppress the equilibria of eqs 1-3
leading to the formation of PdCl2(H2O)(OH)-.

One such catalyst of this type, referred to as PD1, is easily
prepared by the hydrolysis of ∼0.38 mM Na2PdCl4 in a 10
mM NaCl(aq) solution at pH ∼5 (25). The pH is maintained
during the ∼20 h room temperature hydrolysis using a 0.01
M morpholinoethanesulfonate buffer, which does not inter-
fere with the reactions of eqs 1-4 because it does not
coordinate PdII ions (128). Following completion of the
hydrolysis, a straw, yellow PdII colloidal dispersion is ob-
tained. The dispersion is stabilized by the replacement of
10% of its volume by an equivalent volume of a 1 M NaCl(aq)
solution, which raises its chloride level to ∼0.11 M and
provides a catalyst stable for ∼4-6 weeks at room temper-
ature. The atomic force microscopy (AFM) examination of
the PD1 catalyst in Figure 3B yields an average particle size
of ∼30( 12 nm and a particle size range of ∼4-53 nm (25),
values consistent with the simultaneous nucleation and
growth of colloidal particles expected under these hydrolysis
conditions.

The formation of smaller colloidal particles requires the
enhancement of particle nucleation at the expense of par-
ticle growth. Ideally, all of the PdCl42- initially present is
instantaneously converted into species capable of forming
nuclei. Although a large number of nuclei of similar size will
form, almost no PdCl42- remains to fuel their growth via eqs
1-3. Under such conditions, a large number of monodis-
perse colloidal particles of very small size would be formed.
In practice, however, nuclei formation in this manner is not
an instantaneous process so that a colloid having low poly-
dispersity is actually formed.

There are several methods applicable for the preparation
of such smaller near-monodisperse colloids, including pH-
jump, chemical reduction, and temperature-jump approaches.
Although we have not utilized temperature-jump methods,
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we have successfully prepared colloidal particles using both
pH-jump (24) and chemical reduction (23, 29, 63) ap-
proaches. In the pH-jump approach, the pH of a strongly
acidic solution containing PdCl42- is quickly raised to pH >7
by the addition of an aliquot of base (24). This leads to rapid
formation via the equilibria of eqs 1-3 of large amounts of
PdCl2(H2O)(OH)- required for particle nucleation and at the
same time depletes the levels of PdCl42- required for sub-
sequent particle growth. After a few hours, the dispersion is
brought to pH ∼3 by the addition of HCl(aq) and chloride
levels are raised to ∼0.25 M by the addition of NaCl(aq) to
arrest colloid development.

PD2 (24), a catalyst prepared in this manner, exhibits an
average colloid particle size of 9 ( 3 nm and a particle size
range of ∼4-18 nm, as shown in the AFM image of Figure
3C. PD2 is a much more reactive colloid than PD1, in part
because of its smaller size, composition differences, and
highly reactive surface sites, and exhibits a useful lifetime
of only ∼1 day at room temperature. However, its properties
are entirely consistent with those expected for colloidal
species formed under conditions in which nucleation domi-
nates particle growth.

Because chemical reduction can occur quite rapidly, even
smaller Pd-based colloids can be formed. Colloid formation
is initiated via the direct chemical reduction of PdII to Pd0 in
the presence of a soluble stabilizing ligand rather than via
the hydrolysis reactions of eqs 1-4. The free Pd0 atoms
generated during reduction self-assemble to form colloids.
The colloid size and stability are governed by the choice of
the stabilizing ligand and reductant. We have chosen poor
π-acceptor ligands, such as citrate, which are expected to
bind weakly to the Pd0 sites on the colloid surface as
stabilizers. Although such weak stabilizer ligands limit the
colloid lifetime to a few days, their displacement at ligand
SAMs bearing pyridines (23, 29, 44, 63), phosphines
(35, 43, 129), or other strong π-acceptor ligands (42) capable
of strong π-back-bonding with zerovalent metal sites facili-
tates covalent bonding of the colloid to the substrate to be
plated. For example, Figure 3D shows a TEM of PD0 (29, 63),
a catalyst prepared by the reduction of a palladium(II) citrate
complex using tetrakis(hydroxymethyl)phosphonium chlo-
ride. The average particle size of PD0 is ∼2.6 ( 0.8 nm, with
a particle size range of just ∼1-5 nm, values consistent with
the more rapid nucleation expected for a chemical reduction
process than the pH-jump method.

III. SELECTIVE EL PLATING VIA TOP-SURFACE
IMAGING (TSI) APPROACHES

The effective use of catalysts such as PD1, PD2, or PD0
for selective metallization requires the development of ef-
ficient ligand-based surface patterning techniques. Conven-
tional patterning methods rely on the patterned exposure
of thin (∼1 µm thickness) photoresist films using UV, X-ray,
or e-beam sources (13). Chemical changes induced at low
exposure doses (e.g., typically <10 mJ · cm-2 for UV expo-
sures) in the photoresist greatly increase or decrease its
solubility in a subsequent solution-based development step,
leading to a 3D structured film that replicates (i.e., positive-

tone) or complements (i.e., negative tone), respectively, the
mask pattern in the photoresist at the substrate surface. The
remaining patterned photoresist protects the underlying
substrate during the subsequent plasma reactive ion etch
(RIE) that transfers the pattern into the substrate during
integrated circuit fabrication.

The highest resolution feature (R) that can be printed in
the photoresist (13, 14) is determined by the numerical
aperture (NA) of the optical system used, a geometric factor
(k) characteristic of the optical system, and the wavelength
of light (λ) used for exposure according to eq 5.

R) kλ ⁄ NA (5)

The fidelity with which the feature is printed is determined
primarily by the depth of focus, D, which describes the ability
to focus the pattern image through the entire thickness of
the photoresist. D is again a function of NA, λ, and another
optical instrument factor (k′), as shown in eq 6.

D) ( k ′ λ ⁄ NA2 (6)

Because further improvements in k, k′, and NA are increas-
ingly limited by physical and technological constraints (14),
the ability to print ever smaller (i.e., higher-resolution)
features requires the use of shorter λ (i.e., more energetic)
light. Unfortunately, as λ decreases with the use of deeper
UV light, a point is reached where (1) the fidelity is compro-
mised because a clear image can no longer be maintained
through the entire thickness of the photoresist and/or (2) the
photoresist absorbance increases such that light can no
longer fully penetrate the photoresist film. In either case, the
patterning process is compromised.

TSI is an EL-compatible process that addresses these
problems by partitioning the imaging and plasma-etch-
resistance functions of the typical photoresist between a
photosensitive polymer film and refractory oxide or metal
film, respectively (130-134). Imaging is accomplished via
exposure of only the outermost molecular layer(s) of a
photosensitive polymer film, avoiding the depth-of-focus and
transparency issues associated with conventional photore-
sists. The new chemical functional groups generated on the
exposed polymer surface provide convenient sites for selec-
tive grafting or adsorption of refractory oxides (135, 136),
metals (137, 138), or their precursors capable of withstand-
ing the plasma etch process. For example, the reaction of
SiCl4 with surface hydroxyl groups generated on or in the
outermost regions of the exposed polymer surface generates
SiO2, which possesses the requisite plasma-etch resistance
for the pattern transfer process, during the RIE step (133).

III-A. TSI and Pd-Sn EL Processes. We have
adapted the TSI process for fabrication of patterned EL metal
films useful as plasma-etch-resistant masks or electrical
interconnects by using organosiloxane SAMs as ultrathin
imaging layers for pattern definition (42, 44, 45). In our
initial work, we have demonstrated the feasibility of the
approach using simple nonligand phenylsiloxane SAMs pat-
terned with deep-UV light at 193 nm in conjunction with
conventional Pd-Sn catalyst-based EL plating (139-142)
according to Figure 4A. Mass spectroscopy and electron
spectroscopy for chemical analysis experiments confirm the
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expulsion of benzene as the sole photoproduct from the SAM
during irradiation and the concomitant generation of silanol
groups on the surface, respectively, consistent with a simple
Si-C bond photocleavage mechanism (45, 47). The expo-
sure dose required to sufficiently clear the organofunctional
group from the surface to permit selective Pd-Sn binding
and EL plating is a critical process variable because it
determines the efficiency and throughput of the entire
manufacturing process. A “spectroscopic” exposure dose,
which represents the energy required to remove >95% of

the phenyl chromophore from the SAM, of ∼400 mJ · cm-2

is observed for the phenylsiloxane SAM chemisorbed on a
fused-silica substrate. Similar doses are observed for phen-
ethylsiloxanes and related simple aromatic siloxanes, con-
sistent with simple Si-C photocleavage as a general photo-
decomposition mechanism for these SAMs. However, isolated
phenyl (or related aromatic) residues still remain on the
surface at this point and can bind sufficient Pd-Sn to
catalyze EL metallization. Consequently, “metallization”
doses of ∼500-800 mJ · cm-2 are often required to clear
the fused-silica surface sufficiently to permit reproducible,
selective plating using the Pd-Sn catalyst.

It is important to note that for a given SAM the dose also
varies with the packing density of the SAM on the surface
and the nature of the underlying substrate. This behavior
reflects differing abilities of adjacent SAM organofunctional
groups and substrates to dissipate the energy absorbed by
the SAM. For example, SAMs chemisorbed onto conducting
substrates such as native silicon oxide wafers often exhibit
exposure doses ∼2-3 times higher than the same SAMs
chemisorbed onto insulators such as fused silica (45). In
addition, exposure doses of more closely packed SAMs (63)
prepared via chemisorption of organofunctional trichlorosi-
lanes (e.g., [p-(chloromethyl)phenethyl]trichlorosilane) are
often a factor of ∼2 larger than doses for SAMs prepared
using corresponding organofunctional dimethylmonochlo-
rosilanes (e.g., [p-(chloromethyl)phenethyl]dimethyl-
chlorosilane) (143), whose packing is sterically hindered by
the methyl groups bonded to the Si site. These packing- and
substrate-dependent exposure doses, together with metal
adhesion reliability issues, represent manufacturing prob-
lems for the Pd-Sn EL process of Figure 4A. Nevertheless,
the method permits deposition of ∼20-40-nm-thick adher-
ent metal features having line widths as small as ∼0.3-0.4
µm on Si wafers, as shown in Figure 4B. The resulting metal
features function as efficient plasma-etch-resistant masks
during RIE pattern transfer in the fabrication of functional
CMOS transistors and capacitors, which exhibit perfor-
mances and lifetimes comparable to those of traditionally
manufactured analogues (139-141).

III-B. Ligand TSI and Sn-Free EL Pd Methods.
Analogous EL metal features exhibiting improved adhesion
(42, 46) may be fabricated using Sn-free Pd catalysts with
ligand SAMs, as shown in Figure 5A. For example, patterned
193-nm exposure of the PYR SAM (Scheme 1) sufficiently
damages the N ligating site to support selective EL Ni
deposition (44). In this case, the spectroscopic and metal-
lization doses are identically ∼1.5 J · cm-2 for a PYR SAM
chemisorbed to fused silica (42, 45) (∼4.5 J · cm-2 metal-
lization dose on a native silicon oxide wafer) (27, 44),
consistent with the selectivity of the PdII colloid covalent
binding process at the surface pyridyl ligand sites. Figure 5B
shows an Auger Pd line scan of one such patterned PYR
SAM, confirming selective, covalent binding of PdII sites
within the PD1 colloid to the intact PYR ligands remaining
on the unirradiated areas of the Si wafer substrate. The
corresponding Auger line scan after Ni plating is shown in

FIGURE 3. Sn-free EL Pd catalysts: (A) effects of the Pd catalyst size
and polydispersity on the control of the pattern fidelity and edge
acuity during plating of nanoscale features; (B) AFM image of the
PD1 catalyst; (C) AFM image of the PD2 catalyst; (D) TEM image of
the PD0 catalyst. Parts B and C are reproduced with permission from
J. Electrochem. Soc., 1997, 144, 3425. Copyright 1997 The Electro-
chemical Society.

FIGURE 4. Patterned EL metallization using Pd-Sn: (A) UV pattern-
ing and EL metallization scheme; (B) Ni lines (light areas) of ∼400-
nm width prepared via the scheme of part A.
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Figure 5C, which indicates that EL Ni is deposited selectively
onto those areas bearing the PdII colloidal species.

The high 193-nm spectroscopic exposure dose observed
for the PYR SAM on fused silica compared to corresponding
aromatic siloxanes of similar structure is somewhat mislead-
ing, given the identical Si-C photocleavage mechanisms
observed for both SAMs (45). Much of the difference can be
attributed to the lower extinction coefficient for absorption
of 193-nm light by the 2-pyridylethyl chromophore (ε193 =
7-8 × 103 cm2 · mol-1) (27) compared to that of a corre-
sponding phenethyl analogue (ε193 = 3 × 104 cm2 · mol-1)
(45). However, contributions to the increased dose from
energy degradation pathways related to known pyridyl
N-silanol hydrogen bonds (144, 145) and competitive with
Si-C photocleavage certainly cannot be ruled out.

The somewhat greater complexity and higher exposure
dose associated with PYR SAM patterning and metallization
requires the development of alternative ligand SAM systems
exhibiting lower exposure doses and compatibility with Sn-
free Pd catalysts. The PEDA SAM (Scheme 1), which com-
prises both metal chelating ethylenediamine and benzyl
chromophore components, provides one such system. Un-
like the pyridyl chromophore of the PYR SAM, the PEDA
benzyl chromophore strongly absorbs 193-nm light (ε193 =
4.7 × 104 cm2 · mol-1) (40). However, its UV photochem-
istry is complicated by the formation of photoproducts
originating from both Si-C photocleavage and benzylic C-N
photocleavage during 193-nm exposure (28). Benzylic C-N
scission (∼67%), leading to the formation of a surface-bound
benzaldehyde species that can undergo further photodeg-
radation, dominates Si-C cleavage (∼33%), as shown in
Figure 6A. In addition, no photoproducts are ejected from
the surface in this case, in contrast to the behavior noted
for the simple aromatic siloxane and PYR SAMs. Initial
photoproducts remain adsorbed to the surface, presumably
via hydrogen bonding with the remaining intact ethylene-
diamine sites in the SAM. There they are subject to further
UV degradation, leading eventually to simpler photoproducts
that can be desorbed from the surface.

Complete degradation of the initial PEDA SAM and its
adsorbed photoproducts requires a 193-nm exposure dose
of ∼1.2 J · cm-2, leaving a surface comprising free silanol
groups (40). Fortunately, however, this dose can be signifi-
cantly lowered if the initial Si-C and benzyl C-N photo-
cleavage products are removed from the surface immedi-
ately after formation via an aqueous rinse. In this manner,
equivalent spectroscopic and metallization exposure doses
of just ∼350-400 mJ · cm-2 have been determined for the
PEDA SAM on fused silica at 193 nm (28). This exposure
dose is comparable to the ∼400 mJ · cm-2 spectroscopic
dose observed for phenylsiloxane and related aromatic
siloxane SAMs. However, it is clearly superior to the
∼500-800 mJ · cm-2 metallization doses required for aro-
matic siloxanes using Pd-Sn catalysts, consistent with
expectations given the differences in the binding mecha-
nisms and specificities between the Pd-Sn and Sn-free Pd
catalyst systems.

One such example of a low-resolution UV-patterned
PEDA SAM on a Si wafer substrate after selective Ni plating
is shown in Figure 6B. Higher-resolution features in Ni having
widths as small as ∼15 nm are readily prepared using PEDA
SAMs patterned with proximal probe exposure tools (24, 55).
In addition, because the alkylamine components of the
PEDA SAM possess a wider range of reactivity than the
pyridyl N site of the PYR SAM, they are capable of covalently
binding materials other than Pd catalysts or EL metal.
Consequently, patterned PEDA SAMs can also be used to
selectively and covalently bind dyes (Figure 6C) or DNA
(28, 41) that retain their function for biological or other
applications.

PEDA SAMs provide the most efficient ligand organosi-
loxane SAM systems currently available for 193-nm pattern-
ing using our TSI approach. However, the PEDA exposure
dose of ∼350-400 mJ · cm-2 greatly exceeds the <10
mJ · cm-2 dose using conventional photoresists required for
sufficient throughput in a manufacturing process. In addi-
tion, because patterning using PEDA relies on the destruction
or removal of the alkylamine ligand, only positive-tone metal
patterns that replicate the patterning mask can be obtained.
Attempts to develop ligand chromophores having improved
UV absorbance (45) at 193 nm have failed to provide
materials having exposure doses <400 mJ · cm-2. Although

FIGURE 5. Fabrication of positive-tone EL metal features using a TSI
ligand approach: (A) General scheme for UV patterning of ligands
with selective EL plating; (B) Pd Auger line scan of patterned lines
prepared via the scheme of part A after Sn-free Pd catalysis.
Reproduced with permission from J. Electrochem. Soc., 1994, 141,
210. Copyright 1994 The Electrochemical Society); (C) Ni and Si
Auger line scans of features from part B after EL Ni plating showing
metal deposition selectivity. Reproduced with permission from ACS
Symp. Ser., 1994, 537, 210. Copyright 1994 American Chemical
Society).

FIGURE 6. Patterning PEDA SAMs: (A) 193-nm UV photochemistry
of PEDA SAM; (B) EL Ni features (light areas) prepared via the scheme
of Figure 5A using PEDA SAM; (C) fluorescent Cy 3.5 dye patterns
(red) formed by selective covalent binding of dye to intact alky-
lamine sites of PEDA SAM remaining in unirradiated regions after
patterned UV exposure.
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vacuum UV (i.e., VUV; λ < 190 nm) exposures can access
higher excited states of SAM organofunctional groups
(146-148) that can initiate new and potentially more rapid
photodegradation pathways, the appropriate exposure tools
are not yet widely available. Consequently, there exists a
pressing need for the development of new SAMs amenable
for TSI and selective EL plating that are capable of providing
both positive- and negative-tone images at lower exposure
doses.

III-C. (Chloromethyl)phenyl (CMP) Chromophores
for TSI and EL Plating. We have pursued solutions to this
problem by again using a “divide and conquer” approach.
In this case, we partition the imaging and ligating functions
of the ligand SAM to optimize each function separately.
Specifically, an organofunctional group capable of undergo-
ing photoreactions at low exposure doses, but not able to
ligate a metal ion, is selected for use as the organosiloxane
SAM. Following patterning, a ligand group is covalently and
selectively grafted to either, but not both, the surface pho-
toproduct(s) generated during exposure or the intact orga-
nofunctional groups remaining on the unexposed portions
of the SAM to fabricate a negative- or positive-tone ligand
pattern, respectively. Although the ligand grafting require-
ment adds a processing step, the tradeoff is acceptable if
grafting can be performed rapidly (i.e., minutes) under
aqueous, ambient conditions to preserve the gains in through-
put afforded by the faster photospeed imaging step. Subse-
quent covalent binding of a Sn-free Pd colloid to the ligand
pattern, followed by EL plating, once again fabricates the
desired metal features.

III-C1. CMP Photochemistry. The CMP (Scheme 2;
X ) Cl; also known as benzyl chloride) chromophore has
long been exploited as a component of photoresist polymers
because of its well-documented sensitivity to electrons, ions,
X-ray, or UV radiation (149-152). Exposure under vacuum
or inert atmosphere conditions employed during com-
mercial patterning processes leads to the formation of
benzyl radicals, which effectively cross-link the film and
reduce its solubility during subsequent development steps
(153). The first attempt to study the UV photochemistry of
the CMP group under ambient conditions was made in 1997
by Doppelt (154), who reported the formation of a surface
carbonyl band at ∼1725 cm-1 during deep-UV exposure of
[(chloromethyl)phenyl]siloxane SAMs in air. We have sub-
sequently characterized the photochemistry at 248 nm g λ
g 193 nm for both [(chloromethyl)phenyl]siloxane SAMs

(31, 39, 155) and poly[(chloromethyl)styrene] thin films
(31, 32). In this wavelength range, exposure leads to the
initial loss of Cl as HCl gas. Photolysis is accompanied by
the formation of a broad IR band near ∼1700 cm-1 char-
acteristic of surface carbonyl species, which is >95% com-
plete during 193-nm exposure after doses of ∼50 and ∼100
mJ · cm-2, respectively, for the [(chloromethyl)phenyl]silox-
ane SAM and poly[(chloromethyl)styrene] film.

Deconvolution of the carbonyl band reveals the presence
of both surface benzaldehyde (1700 cm-1) and benzoic acid,
which appears at ∼1685 cm-1 (non-hydrogen-bonded dimer)
for the 2D [(chloromethyl)phenyl]siloxane SAM and at ∼1725
cm-1 (hydrogen-bonded dimer) for the 3D poly[(chlorom-
ethyl)styrene] film, in a ∼70:30 ratio, respectively, in the
limit of a zero exposure dose. The oxygen in the surface
photoproducts is derived from atmospheric oxygen, as
shown by (1) a general decrease in the amounts of surface
photoproducts as atmospheric oxygen levels are lowered
and (2) the lack of any carbonyl IR band position shift (2
cm-1 resolution) following isotopic substitution of H2

18O for
H2

16O during the exposure (143). At 193 nm, continued
irradiation leads to oxidation of the initial aldehyde formed
to carboxylic acid by ozone generated during photolysis in
air.

III-C2. Covalent Ligand Grafting for CMP TSI.
Among the species remaining on the CMP surface after UV
patterning, the CMP and benzaldehyde functional groups do
not ligate the anionic PdII colloidal species required for EL
plating at all, while the minor benzoic acid photoproduct
binds only weakly (156). Therefore, grafting of a strong PdII

binding ligand to either the benzaldehyde-benzoic acid
photoproducts formed in the irradiated surface regions or
the intact CMP groups remaining in the unirradiated areas
is required to promote selective EL metallization. For ex-
ample, reductive amination of the benzaldehyde photoprod-
uct via reaction with ammonium acetate in the presence of
a reductant such as sodium cyanoborohydride selectively
transforms the aldehyde into a benzylamine ligand (32, 39)
capable of efficiently binding PdII colloidal catalysts. The
reaction is carried out in an aqueous or aqueous alcohol
solution at pH ∼4-6 under ambient conditions, as required
for a manufacturing process. Fabrication of negative-tone
EL metal features using this approach is illustrated by the
process sequence of path A in Figure 7A and the corre-
sponding Ni features in Figure 7B. Analogous amine grafting
chemistry can be carried out on CMP films patterned using
proximity X-rays (i.e., λ ) 0.9385 nm), suggesting that
photochemistry similar to that observed for the UV occurs,
albeit at higher exposure doses (50, 157).

The fabrication of analogous positive-tone Ni features
requires selective grafting of a ligand to the intact CMP
functional groups remaining in the unirradiated regions of
the film, as illustrated by the process scheme in path B of
Figure 7A. Although the CMP group is generally unreactive
under aqueous, ambient conditions, it is an efficient alky-
lating agent in dry, aprotic solvents (152, 158-161). For
example, alkylation of the lithium salts of an ethylenedi-
amine anion or a 3-pyridyl anion by the CMP group readily

Scheme 2. Structures of Benzyl Chromophores
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occurs in a dry N,N-dimethylformamide (DMF) solution at
room temperature, selectively grafting these ligands to the
unexposed regions of CMP-bearing films (45, 49, 152). The
ligand-modified films so obtained selectively bind PdII col-
loids and catalyze EL plating, producing the desired comple-
mentary positive-tone Ni serpentine features shown in
Figure 7C.

III-C3. Noncovalent Ligand Grafting for CMP
TSI. Althoughpositive-toneNi featuresare readily formedvia the
grafting technique of path B in Figure 7, the reaction conditions
preclude its economic use in a manufacturing environment.
A viable aqueous alternative exploits the ability to control
the packing density in organosiloxane SAMs or polymer
chains during film formation to create sites for the nonco-
valent binding of ligands (23, 29-31, 33, 63, 71, 162). For
example, Figure 8A illustrates the chemisorption process for
aromatic siloxane SAMs. In this model (29, 31), an aromatic
trichlorosilane is hydrolyzed to the corresponding trisilanol
at a hydroxylated substrate surface by adsorbed water (panel
1). The nascent SAM is stabilized primarily by hydrogen
bonding of its trisilanol groups with surface hydroxyl groups
and adjacent trisilanol species (panel 2). However, additional
noncovalent interactions among the film’s aromatic groups
or between its aromatic groups and solvent molecules can
provide further stabilization. In general, strong π-π interac-
tions between adjacent aromatic groups in the film are
expected to occur, leading to a close-packed SAM as the

hydrogen-bonded network condenses to form a covalently
linked siloxane on the surface. In the presence of an
aromatic solvent such as toluene, however, π-π interactions
between the excess solvent and the film’s aromatic func-
tional groups occur competitively, leading to solvent inter-
calation within the film (panel 2). Subsequent expulsion of
intercalated solvent occurs during siloxane bond formation,
yielding a less densely packed SAM bearing solvent-tem-
plated nanocavities (panel 3) (63).

We have demonstrated that these solvent-templated
nanocavities provide convenient sites for the reversible,
noncovalent adsorption of ligands useful for our EL metal-
lization processes (29, 31, 33). Because adsorption is driven
primarily by the stabilization of hydrophobic portions of the
ligand structure within the hydrophobic nanocavities, hy-
drophilic sites responsible for binding metal ions generally
remain accessible to the aqueous solution after adsorption.
For example, dimethylamine and pyridine readily partition
into a toluene-templated CMP SAM from aqueous solution,
where each binds sufficient PD1 catalyst to support EL Ni
deposition (29). However, whereas pyridine is able to form
strong π-π interactions with the aromatic nanocavity side-
walls, dimethylamine cannot. Therefore, dimethylamine is
readily displaced prior to catalyst treatment by (1) rinsing
with an acidic aqueous solution, which protonates its N site
and increases its hydrophilicity, or (2) treatment with tolu-
ene, which binds more strongly inside the nanocavities via
π-π interactions. In contrast, the π-π interactions between
the pyridine ligand and the nanocavity sidewalls are suf-
ficiently strong to prevent its extraction in an acid solution
or toluene. Nevertheless, exposure of films to high-vacuum
conditions overnight extracts the pyridine, confirming its
noncovalent association with the film.

FIGURE 7. CMP chromophores for versatile TSI layers: (A) schemes
showing the formation of negative-tone (path A) and positive-tone
(path B) metal features via selective amine ligand grafting to
aldehyde or CMP groups in irradiated or unirradiated CMP film
regions, respectively; (B) negative-tone Ni feature (light areas)
prepared according to path A; (C) positive-tone Ni features (light
areas) prepared via path B.

FIGURE 8. Noncovalent approach for positive-tone metallization: (A)
aromatic organosiloxane chemisorption model leading to aromatic
organosiloxane SAMs bearing nanocavities suitable for noncovalent
ligand inclusion and EL plating; (B) UV nanocavity patterning
approach for CMP-based films showing selective ligand inclusion and
EL plating. Inset: EL Ni (light areas) checkerboard features prepared
via the scheme in part B; (C) patterning and selective EL plating
scheme based on 50 keV e-beam pyridine ligand displacement from
CMP film nanocavities. Inset: ∼50-nm-width lines fabricated in Ni
metal (light areas) using the scheme in part C.
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Ligand adsorption can be spatially controlled via several
patterning methods. For example, µCP using hydrogel stamps
charged with an aqueous ligand solution as the ink can
selectively insert N ligand species such as pyridine (61) or
Starburst PAMAM amine dendrimers (59) into the nanocavi-
ties of CMP SAMs. Excess ligand solution delivered to the
surface during the stamping process is removed by gentle
heating, which evaporates the solvent and promotes ligand
alkylation by surface CMP groups (61), chemically fixing the
pattern to the surface. Subsequent selective covalent attach-
ment of a fluorescent dye or PD1 catalyst and EL Ni has been
demonstrated (31, 59, 61). However, the mechanical prop-
erties of the hydrogel stamp (59, 60) currently limit this
process to the fabrication of microscale features.

Spatial control of ligand adsorption using conventional
patterning tools is shown in parts B and C of Figure 8. For
example, hydrophilic aldehyde and carboxylic acid surface
photoproducts generated during UV exposure of the CMP
SAM in Figure 8B inhibit subsequent pyridine incorporation
into the underlying nanocavities. Sufficient pyridine is ad-
sorbed only by accessible nanocavities present in the unex-
posed film regions, leading to selective binding of the PD1
catalyst and deposition of the positive-tone EL Ni features
(29, 31, 33) shown in Figure 8B (inset). Analogous metal
features can be fabricated using X-rays (29, 31, 157) or low-
energy electrons (23) from the tip of a scanning tunneling
microscope for film patterning. In a similar fashion, high-
energy e-beams efficiently displace the strongly physisorbed
pyridine ligand from CMP SAM nanocavities (23, 29, 31, 63),
as shown in Figure 8C. Treatment of the resulting ligand
template with the ultrasmall, near-monodisperse PD0 col-
loids permits selective deposition of the positive-tone Ni film
shown in Figure 8C (inset). The ∼50-nm-width lines created
in the Ni metal exhibit sufficient control of the feature edge
acuity to satisfy the 5% design rule concerning permissible
feature width variations for electronics circuit fabrication
(29, 63).

IV. CHANNEL-CONSTRAINED METALLIZATION
(CCM)

Although our TSI process can readily fabricate the sub-
100-nm features required for nanoelectronics applications,
several challenges remain before it can be implemented in
the manufacturing environment. For example, the best
available CMP SAMs and thin polymer films currently used
as imaging layers require exposure doses (i.e., ∼50
mJ · cm-2 for 193-nm UV exposures) that still exceed those
of conventional photoresists (e.g., < 10 mJ · cm-2 for UV
exposures), limiting sample throughput. In addition, the
reproducible fabrication of uniformly thick organosiloxane
SAMs useful as imaging layers, especially from moisture-
sensitive trichlorosilane precursors (63), presents a potential
manufacturing challenge. Finally, undesirable lateral growth
of metal due to the isotropic nature of the EL growth process
limits the thickness of metal that can be deposited onto the
patterned surface without compromising the feature fidelity,
especially for the densely packed nanoscale features (14)
increasingly required for advanced electronics applications.

Although lower-dose SAMs will likely become accessible
through synthesis or the use of shorter patterning wave-
lengths (146, 148, 163-166), more reliable vapor-phase
deposition (160) techniques may supplant solution-based
SAM chemisorption, and lateral metal growth issues may be
addressed by anisotropic EL metal deposition methods
(167-169), their compatibility with current manufacturing
processes has not been conclusively demonstrated. There-
fore, other options for selective EL metal deposition of
patterned substrates also need to be explored.

One such alternative, known as CCM (34-36, 38, 43, 170),
utilizes photoresist-SAM composite films for fabrication of
both positive- and negative-tone patterned metal features.
An appropriate photoresist is spin-coated onto a substrate
bearing a chemisorbed ligand organosiloxane SAM, as shown
in Figure 9. Exposure leads to chemical changes that in-
crease (path A) or decrease (path B) photoresist solubility
during a subsequent development step, which selectively
uncovers the ligand SAM to define a pattern. Covalent
binding of a colloidal Pd catalyst to the ligand selectively
initiates EL metallization within the pattern channels. Dis-
solution of the photoresist following plating leaves the
desired negative-tone (path A) or positive-tone (path B) metal
pattern.

FIGURE 9. CCM approach for patterned metallization. The tone of
the metal pattern is determined by the type of photoresist used. A
negative-tone metal pattern is fabricated via path A if exposure of
a photoresist in step 4 increases the resist solubility during develop-
ment in step 5A. Positive-tone metal features are fabricated via path
B if exposure ultimately leads to photoresist cross-linking. For
example, certain chemically amplified resists generate acid during
exposure, which can catalyze resist cross-linking during a postex-
posure bake shown in step 5B. The cross-linked resist remains after
development in step 6B, producing a polymer structure of tone
opposite to that formed via path A. Further processing leads to the
deposition of a positive-tone metal pattern that complements the
negative-tone metal pattern of path A.
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The CCM process offers several manufacturing advan-
tages. First, because the photoresist performs the imaging
function, the range of useful ligand SAMs is greatly ex-
panded. For example, a simple ligand such as EDA (Scheme
1) can be used because the ligand need not contain a
chromophore as part of its structure. Alkylamine ligands
such as EDA are particularly useful because they are soluble
in water or simple alcohols and are amenable for chemi-
sorption onto hydroxyl-bearing substrates via microelec-
tronics-compatible spin-coating procedures (38). Second,
lateral growth of EL metal is confined by the photoresist
channel walls, permitting fabrication of high-aspect-ratio
metal structures appropriate for use as plasma-etch-resistant
masks, diffusion barriers, or electrical interconnects (36, 170).
Third, a variety of photoresists sensitive to UV, X-ray, or
e-beamexposurecanbeemployed,withthephotoresist-SAM
combination selected to control the photoresist and develop-
ment residue adhesion to the SAM and optimize the image
quality (35). Finally, the photoresist thickness can be ad-
justed during spin-coating to compensate for depth-of-focus
and transparency issues, if necessary, because the photo-
resist is not subjected to plasma etching during processing.
Pinhole-free polymer films as thin as ∼50-100 nm (32) can
readily be prepared as imaging layers, as required. In
addition, advanced photoresists exhibiting enhanced UV
transparency are increasingly available (171), as required for
the fabrication of higher aspect ratio metal structures useful
as electrical interconnects.

Parts A-D of Figure 10 (172) illustrate the use of the CCM
process for fabrication of metal features of increasingly
higher resolution on substrates of decreasing surface rough-
ness. For example, Ni metal features of ∼10- and 50-µm
(inset) widths, prepared on an alumina circuit board sub-
strate, are shown in Figure 10A (34, 36). The ∼6-µm-thick
Ni features adhere well (inset) and conform to the rough
topography of the alumina substrate. Microscale resolution
Ni features (∼250-nm-thick) are also readily fabricated on
smoother polyimide films after O2 plasma etching to gener-
ate surface hydroxyl sites for SAM chemisorption, as shown
in Figure 10B. Figure 10C shows a Siemens’s star pattern
bearing a ∼100-nm-thick Ni film on a Si wafer after RIE
pattern transfer into the Si. The ∼0.6-µm Si etch depth,
together with the vertical Si sidewalls and smooth Si channel
floors, is sufficient for use of the etched sample after Ni
removal as a master for casting polymer stamps required
for µCP (59, 60). Because Ni exhibits an etch selectivity of
nearly 200:1 compared to Si, features as deep as ∼19-20
µm can be fabricated during the RIE step before break-
through of the ∼100-nm-thick Ni mask occurs (19). Finally,
Figure 10D shows two examples of high-resolution features
fabricated via the CCM process using high-energy extreme
UV (i.e., EUV; λ = 11-14 nm) and e-beam (inset) exposure
tools. The nominal 0.20-µm feature highlighted is plated as
a ∼90-nm-thick Ni feature of width ∼0.227 µm on a polymer
planarizer using a photoresist whose thickness (∼70 nm) has
been adjusted to compensate for EUV transparency issues.
The increased width of the Ni feature (0.227 µm) compared

to the printed photoresist pattern (0.20 µm) is consistent
with the resumption of lateral Ni growth after the thickness
of the Ni feature exceeds the photoresist channel height (70
nm). Nevertheless, these Ni features successfully resist
degradation during O2 RIE pattern transfer through the
planarizer layer to the Si substrate. Finally, the ∼100-nm-
width Ni gratings on Si shown in Figure 10D (inset), prepared
using a high-energy e-beam patterning tool, demonstrate the
ability of the various CCM process steps to function ef-
fectively to fabricate features at the nanoscale (35). The
“mushrooming” effect noted for the Ni features produced
via the EUV process in Figure 10D is not observed for these
features because the plated Ni thickness (∼15-20 nm) is less
than the photoresist thickness (∼0.30 µm).

V. PROCESS EXTENSIONS AND CHALLENGES
Although we have demonstrated nanoscale feature fab-

rication feasibility for both the TSI and CCM methods using
Sn-free Pd catalysts, various challenges remain before the
processes can be transitioned to a manufacturing environ-
ment. For example, the stability and shelf life must be
improved, especially for PdII-based catalysts, to meet general
manufacturing requirements of at least ∼6 months. In
addition, further decreases in the average catalyst particle
size and polydispersity will clearly be required to maintain
acceptable control of feature critical dimensions during
metallization as feature sizes shrink below ∼10 nm and
ultimately approach molecular dimensions. For patterned

FIGURE 10. Ni features (light areas) prepared via CCM: (A) optical
micrographs of Ni features on alumina with a Ni line cross section
(inset); (B) optical micrograph of Ni lines on polyimide; (C) SEM of
Ni features on Si after RIE pattern transfer into the Si substrate; (D)
SEMs of EUV-patterned Ni features on a cross-linked planarizer layer
on Si after RIE pattern transfer and 50-kV e-beam-patterned Ni
gratings on Si (inset). The ∼100-nm Ni gratings in Figure 10D (inset)
are reproduced with permission from Thin Solid Films 2000, 379,
203. Copyright 2000 Elsevier Science Publishing. Processing condi-
tions are described in ref 172.
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metallizations involving TSI imaging, SAM or polymer film
exposure doses must be lowered by at least a factor of ∼5
from the current values to maintain sample throughput.
Although current ligand grafting processes associated with
the nonligand benzyl chromophore imaging films satisfy
requirements for selectivity and aqueous, ambient reaction
conditions, ligand binding times of typically >1 h must be
substantially reduced (i.e., ∼2 min) to improve sample
throughput. In a similar fashion, current CCM processes
possess the low exposure doses, as well as the photoresist
adhesion to and the ability to clear developed photoresist
residue from the underlying ligand SAM, required for fabri-
cation of metal features having sizes as small as ∼100 nm.
As features become even smaller, however, more stringent
requirements in these areas will test the ability of the CCM
process to fabricate metal features with acceptable fidelity.
Therefore, we conclude this paper with discussions of related
efforts regarding further process testing and optimization for
manufacturing use, as well as process extensions and issues
related to the fabrication of sub-50-nm metal features.

V-A. Catalyst Alternatives. The development of Sn-
free EL Pd catalysts described here has spurred efforts
elsewhere to further test their applicability for the fabrication
of metal structures useful for electronics and address the
stability and size issues associated with their use. For
example, Osaka and co-workers (18, 173-177) have shown
that EL Ni films fabricated using Sn-free colloidal catalysts
in a ligand SAM approach function as efficient Cu diffusion
barriers. Ni films have been deposited using PD1 (173), as
well as Na-free PdCl2-based catalysts (18, 177) amenable for
CMOS device manufacture. The Ni films remain adherent
at processing temperatures as high as ∼400 °C (173-175),
indicating that the underlying SAM remains intact, in con-
trast to the poor thermal stability of SAMs in air (178) but
comparable to their thermal stability in a vacuum (179). In
related work, ligand SAMs alone have been shown to func-
tion as effective adhesion promoters (180, 181) and diffusion
barriers (182-185) for Cu metal, as demonstrated by the
fabrication of functional MOS capacitors using ligand SAM
templates. At Nagoya University, Koumoto and co-workers
(105, 186-188) have pioneered the use of both Pd-Sn and
PD1-type Sn-free catalysts for patterned EL deposition of
oxide features, such as ZnO and In2O3, useful for optoelec-
tronics applications. Meanwhile, Bittner and co-workers have
utilized PD1 for selective EL Co plating of µCP-patterned
PAMAM amine dendrimer ligands on bare Si wafers (189)
and developed PD1 analogues capable of selectively plating
the interior of a tobacco mosaic virus template, affording
continuous EL Co or Ni nanowires having diameters as small
as ∼3 nm (190, 191). The use of other colloidal PD1
derivatives, prepared via hydrolysis of palladium(II) salts in
pH ∼2.5-7.0 aqueous solutions containing various amounts
of added chloride ion, has also been reported for EL metal-
lization of ZnO (192), lipid cerasome membrane (193, 194),
chitosan (116-118), aminosiloxane SAM-diamond (165),
and aminosiloxane-modified (147) or amine plasma-modi-
fied (195) polyimide films.

V-A1. PdII Hydrolysis Control for Colloidal
Catalysts. Issues regarding improved control of colloidal
catalyst stability, shelf life, size, and polydispersity have also
received increased attention in recent years. Several ap-
proaches are currently being pursued. The first involves
control of the PdII hydrolysis chemistry through adjustments
in the solution pH and chloride ion levels or catalyst forma-
tion and storage conditions to control both the colloid size
and stability. For example, we have exploited the temper-
ature sensitivity of PdII hydrolysis reactions to increase the
lifetime of our active PD2 catalyst from ∼1 day to ∼1 week
via storage at ∼4 °C (143). In addition, Boily and co-workers
(127) have performed extensive studies of the PdII hydrolysis
chemistry in weakly acidic aqueous solutions containing high
chloride levels. Although their observations indicate that PdII

nanoparticles stable for up to ∼1 year can be prepared, such
particles have not yet been tested to determine whether they
possess the requisite ligand-binding selectivity and catalytic
activity for EL plating applications. However, consistent with
these observations, Xu and co-workers (196-198) have
reported the use of “chloride-rich” PdII-based colloids having
sizes of ∼6 nm and shelf lives >6 months for EL plating
using ligand SAMs similar to those described here. Unfortu-
nately, the details presented to date concerning the prepara-
tion of these catalysts are insufficient to ascertain their
composition, structure, or other properties.

Concentrated (i.e., greater than millimolar) PdCl2-based
formulations in alcohol (199) or strongly acidic (pHe0) HCl(aq)
solutions provide an alternative means to control catalyst
properties. The characteristic bis(µ-chloro)-bridged oligomeric
structure of PdCl2 (156) is at least partially preserved under
these conditions, permitting binding of sufficient PdII by
surface ligands for EL plating (18, 177, 200-204). Catalyst
stability is generally improved because the PdII hydrolysis
reactions (e.g., eqs 1-4) responsible for colloid agglomera-
tion at higher pH in aqueous solutions are inhibited. In
addition, because alkali-metal ions such as Na+ affect the
performance and lifetime of CMOS devices (13), these Na-
free formulations are preferred for electronics applications.

V-A2. Monomeric PdII Species as Catalysts.
Because of their molecular size, several efforts to utilize
monomeric PdII transition-metal complexes as EL plating
catalysts have also been initiated. The use of discrete PdII

species for EL plating requires (1) the coordination of ligands
directly to the PdII site and/or (2) the use of solution condi-
tions that are capable of arresting the hydrolysis reactions
leading to oligomer or colloid formation. In addition, because
SAMs cannot bind sufficient monomeric PdII species to
sustain the EL process, 3D ligand polymer films are typically
utilized to bind the additional PdII required.

Stabilizing ligands are typically chosen from strong σ-do-
nor species such as ammonia, alkylamines, or carboxylates,
which bind PdII and stabilize the resulting monomeric
complex in solution. However, the complex formed may no
longer possess labile coordination sites necessary to co-
valently bind a surface ligand for EL plating. Therefore,
charged monomeric PdII complexes are usually employed
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to permit binding to surface ligands via electrostatic and
hydrogen-bonding interactions. Because the nascent Pd0

nanoparticles formed via the reduction of bound PdII during
plating do not readily coordinate these σ-donor species, the
nanoparticle surface is accessible for EL deposition. Adhe-
sion of the metal deposit is controlled via mechanical
interlocking of the growing metal deposit within the polymer
chains and/or the use of polymers bearing stronger π-ac-
ceptor surface ligands capable of binding Pd0. Examples of
this approach include the use of Pd(NH3)42+ complexes as
catalysts for the EL plating of charged phospholipid mem-
branes (205) and polyacrylate multilayer films (206, 207).

Analogous results can be obtained using simpler labile
palladium(II) salts in solutions that inhibit hydrolysis. For
example, the treatment of chitosan thin films (117, 118) with
PdCl42- in pH ∼1 HCl(aq) binds sufficient PdII for EL plating.
Kang and co-workers (208-214), among others (215), have
extended the use of simple palladium(II) salt solutions in pH
∼1 HCl(aq) or HNO3(aq) to catalyze EL plating of ligand
polymer brushes. Brushes are readily grown from substrate
surfaces modified via plasma (209, 210, 213), photochemi-
cal (211, 214), or chemical (208, 212, 215) reactions through
oxidative graft copolymerization, UV-induced polymeriza-
tion, and atom-transfer radical polymerization of ligand
monomers or their precursors. Substrates relevant for elec-
tronics applications, including polyimide (212, 213), SiLK
dielectric (210, 213), poly(tetrafluoroethylene) (PTFE) (209),
glass (208), and Si wafers (211, 214, 215), have been plated
with excellent adhesion of the EL metal deposits.

V-A3. Pd-Free Catalysts. The successful demon-
stration of monomeric PdII complexes as EL catalysts with
ligand polymer substrates has also increased interest in the
development of Pd-free catalysts as a means to reduce both
the cost and environmental footprint of the plating process.
Au (58, 216) or Ag (217) nanoparticles are well-known EL
catalysts and can substitute for Pd in this role. However,
recent demonstrations of the EL activity of fresh Cu nano-
particles (218, 219) have spurred interest in the develop-
ment of catalysts derived from less-noble metals. For ex-
ample, Bicek and Karagoz (220) have described a method
for the metallization of polystyrene in which initial chloro-
sulfonation and reaction with hydrazine form a sulfonyl
hydrazide surface ligand that binds CuII directly. Subsequent
reduction generates Cu0 seeds that catalyze EL Cu deposi-
tion. Whang and co-workers (221) have hydrolyzed polyim-
ide to create surface carboxylate ligands that bind NiII, which
can be reduced to form Ni0 seeds that catalyze EL Ni
deposition. In analogous work, Charbonnier, Romand, and
co-workers (222, 223) have plasma-grafted amine ligands
to various polymers to directly bind NiII or CuII species.
Subsequent H2 plasma (222) and VUV (223) reduction to Ni0

and Cu0, respectively, produces metal seeds that catalyze
EL plating.

Ligand SAMs have also been used, in conjunction with
simple CuII complexes, for EL plating. For example, Zang-
meister and van Zee (224) have reported spontaneous EL
Cu deposition during treatment of a p-thiobenzoic acid SAM

on a Au substrate with an EL bath comprising a copper(II)
tartrate complex and formaldehyde. Lu and Walker (225)
have similarly observed EL Cu deposition on ω-mercapto-
hexadecanoic acid SAMs on Au substrates using a CuIIEDTA
EL bath containing formaldehyde. Weak CuII-surface car-
boxylate interactions have been confirmed in both cases. We
note that this behavior contrasts with that described in
section II-B for monomeric PdII species bound to mercapto-
pyridine SAMs on Au substrates (124). In that case, loss of
metallic behavior in the reduced Pd0 state due to a reduction
in the density of states near the Fermi level promoted by
the coordinated ligand quenches EL plating. Consequently,
the behavior of copper(II) carboxylate systems suggests that
other surface-ligated metal ions retaining sufficient metallic
behavior to catalyze EL plating after reduction to the zerova-
lent metal state may exist.

Pd-free EL plating can also be accomplished by using the
substrate as the reductant to directly reduce metal ions to
metal particle seeds capable of catalyzing further metal
deposition in an EL bath. For example, in a basic solution at
elevated temperatures, hydrogen-terminated Si is readily
oxidized to SiO2, releasing H2 and electrons that readily
reduceCuIIorNiII ionstothecorrespondingmetals(226-228).
Osaka and co-workers (229-231) have demonstrated that
suboxides of silicon (i.e., SiOx, x < 2) formed during the
oxidation process can also be used to reduce metals. Using
a simple TSI process, they have created silicon suboxides in
an alkyl SAM chemisorbed to hydrogen-terminated Si via
e-beam patterning in the presence of trace O2 or H2O. The
silicon suboxides efficiently bind NiII ions, producing Ni0

seeds that catalyze selective EL metallization of ∼80-nm-
diameter Ni dot features (230).

V-B. TSI Photochemistry. The development of new
EL catalysts capable of plating nanoscale features with high
fidelity and acceptable edge acuity must also be accompanied
by new faster-photospeed SAMs or polymer thin film TSI layers
capable of defining those features and selectively binding
catalysts. Although the photochemistry of numerous SAMs in
the ∼248-405-nm UV wavelength range (64, 66, 120) is
well-characterized, with the exception of benzyl chro-
mophores less information is available at the 193- and
∼11-14-nm wavelengths used by current UV and next-
generation EUV exposure tools, respectively. Therefore,
given the proven efficacy of the CMP chromophore (section
III-C) for UV TSI, we restrict our discussion to materials
containing other benzyl chromophores (Scheme 2) prepared
via nucleophilic substitution reactions (49, 152, 232, 233)
as potential low-dose imaging layers for these wavelengths.

In addition to their use at 193 nm, we have also tested
several SAMs bearing benzyl chromophores as TSI layers for
EUV exposure (14 nm), in conjunction with selective EL
plating via ligand alkylation of unexposed benzyl chro-
mophores (section III-C2) (45, 49). The metallization expo-
sure dose of the CMP siloxane SAM chemisorbed onto a
thermal silicon oxide wafer is ∼50 mJ · cm-2 at 14 nm,
which is equivalent to its 193-nm dose. On native silicon
oxide, it increases to ∼250 mJ · cm-2, reflecting substrate-
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dependent dose behavior similar to that discussed for UV-
irradiated SAMs earlier (section III-A). A corresponding
[(iodomethyl)phenyl]siloxane SAM (i.e., IMP; Scheme 2) on
thermal silicon oxide exhibits a metallization dose of
∼150-300 mJ · cm-2, which is again comparable to the
∼200 mJ · cm-2 value observed at 193 nm. Quantum yields
for halogen atom loss at 14 nm exceed unity for both SAMs.
In contrast, PEDA SAMs (Scheme 1) fail to exhibit significant
chemical changes at doses <6 J · cm-2 during 14-nm expo-
sure but are selectively metallized after 193-nm doses of
∼350-400 mJ · cm-2. These differences in behavior are
consistent with established electron-induced halogen loss
noted for halobenzyl chromophores (23, 234), suggesting
that EUV-induced photoelectron generation at the SAM
contributes to CMP and IMP SAM degradation during these
exposures.

Scheme 2 shows structures of some other benzyl chro-
mophores potentially useful as TSI layers for exposures at
193 or 14 nm. However, because their photochemistry at
these wavelengths has not yet been studied, their inclusion
in Scheme 2 is based on the potential for adaptation of
known photochemistry at longer UV wavelengths (i.e., λ g
248 nm) and/or unique covalent grafting reactions for TSI
processes. For example, Matsuda and co-workers (235) have
evaluated polymers containing benzyl-N,N-diethyldithiocar-
bamate (DTC) species as photoinitiators for surface graft
polymerization of several acrylate derivatives capable of
binding monomeric PdII species for EL plating. UV exposure
of polymer films under a N2 atmosphere at ∼254 nm
ruptures the C-S bond, forming benzyl and dithiocarbamate
radicals at doses as low as ∼300 mJ · cm-2. In the presence
of acrylate monomers, polymerization to form polyacrylates
is initiated on the surface by the benzyl radical and eventu-
ally quenched by reaction of the growing acrylate polymer
with the dithiocarbamate radical. Microscale patterns of
various polyacrylates on the same DTC polymer film surface
have been prepared via serial masked UV exposures.

Trimmel and co-workers (236-238) have also demon-
strated micropatterning using polymer films bearing (thio-
cyanatomethyl)phenyl (TMP) chromophores. UV exposure
of the TMP chromophore under a N2 atmosphere at ∼254
nm leads to C-S bond cleavage and the formation of benzyl
and thiocyanato radicals. In contrast to the DTC film behav-
ior, however, photoisomerization leading to the isothiocy-
anato species occurs in ∼30% yield via radical recombina-
tion. The reaction of propylamine with the isothiocyanate
photoproduct after exposure yields N-benzyl-N′-propylthio-
urea and prevents thermal isomerization to the initial thio-
cyanato isomer. Surface patterns of N-benzyl-N′-propylthio-
urea are readily prepared after UV exposure doses of only
∼80 mJ · cm-2. Grafting of amine PAMAM dendrimers,
rather than propylamine, could in this case provide ligand
sites for PdII binding and amplify the effective amine surface
concentration (50, 59, 112, 189), permitting patterning at
even lower exposure doses.

SAMs bearing benzylthiol (BTH) or benzyl azide (BAZ)
chromophores are appealing candidates for use in our ligand

metallization approach because of the chemical reactivity
of their thiol and azide groups, respectively. For example,
(ω-mercaptopropyl)siloxane SAMs having alkylthiol ligands
analogous to BHT readily bind PdII colloids (197, 198) or CuII

species (219) for EL plating. Unlike thiols, azides do not
function as ligands for Pd species. However, their efficient
Huisgen 1,3-dipolar cycloaddition reactions (239) with ter-
minal alkynes to yield stable triazoles afford an attractive
means to graft appropriate ligands to a BAZ SAM under mild
conditions.

Although there are no reports describing the deep-UV
photochemistry of BTH or BAZ SAMs, the behavior of
analogous materials infers a rich photochemistry compatible
with our ligand metallization processes. For example, pho-
tooxidation of the alkylthiol group of the (ω-mercaptopro-
pyl)siloxane SAM to the corresponding sulfonate (240, 241)
at 254 nm e λ e 193 nm occurs at doses as small as ∼720
mJ · cm-2, despite its poor UV absorbance. The existence
of a similar BHT photooxidation process, or C-S bond
photocleavage leading to H2S ejection and a benzaldehyde
surface photoproduct analogous to the CMP chromophore,
would provide an effective means for patterning a BHT SAM.
The potential for UV photolysis of a BAZ SAM via C-N or
N-N bond cleavage is equally intriguing. C-N bond photo-
cleavage, leading to ejection of HN3, could generate a surface
benzaldehyde photoproduct analogous to the CMP chro-
mophore. In contrast, a N-N bond cleavage mechanism
similar to that observed for phenyl azides (242) would eject
N2, leaving a highly reactive nitrene surface product. Because
each of these potential photoproducts exhibits sufficient
orthogonal reactivity to the parent, BTH and BAZ chro-
mophores represent exciting new materials for the develop-
ment of TSI-based selective EL plating schemes.

V-C. CCM Analogues. Although little related work
has been reported directly utilizing photoresist-ligand film
composites as described for the CCM process (243-245),
several other groups have successfully developed variations
in which the ligand film is omitted (246-249). These pro-
cesses rely on direct physical or chemical interactions of
species deposited in the developed photoresist channels with
the uncovered substrate to create the desired material
patterns. Sub-100-nm size metal features are readily fabri-
cated in this manner via galvanic displacement reactions at
a substrate surface through two such approaches. In the first,
a static plowing lithography method developed by Buriak
and co-workers (250) uses an AFM tip to displace photoresist
film covering a redox-active substrate such as Ge(111).
Spontaneous galvanic reduction of AuIII or CuII ions to the
corresponding metals occurs at the uncovered Ge sites,
creating photoresist-constrained continuous metal lines as
small as ∼52-nm width whose resolution is ultimately
limited by the size of the AFM tip. Bhuvana and Kulkarni
(251) have exploited similar substrate reactivity following
high-energy e-beam patterning and the development of
polystyrene thin films on native silicon oxide wafers. Treat-
ment of the developed patterns with AuIII in a HF(aq) solution
leads to dissolution of the uncovered SiO2 and formation of
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hydrogen-terminated Si, which efficiently reduces AuIII to Au
metal via galvanic displacement. Features of ∼80-nm width
in Au metal have been fabricated.

Although sub-100-nm size features are readily prepared
via AFM and e-beam techniques, sample throughput is
currently limited by the serial nature of the patterning
process despite ongoing efforts to develop parallel writing
systems incorporating these techniques (252-254). Fortu-
nately, soft lithography techniques such as nanoimprint
lithography (NIL) (255, 256) and step and flash imprint
lithography (S-FIL) (257, 258) are promising candidates for
the fabrication of sub-100-nm metal features in a parallel
fashion. Both techniques utilize a stamp bearing patterned
features in relief, which is used to imprint a thin film coating
on a substrate. The features formed in the imprinted film
are analogous to those observed for CCM following pattern-
ing and the development of the photoresist. For NIL, the
stamp is pressed into a polymer film heated above its glass
transition temperature. The polymer flows into and fills the
interstitial regions of the stamp relief features, providing a
replica in the polymer film after removal of the stamp from
the cooled polymer film. S-FIL utilizes a UV transparent
stamp to imprint a thin film of a polymerizable liquid, which
is UV-polymerized while in contact with the stamp to form
a hardened polymer replica that remains on the surface after
stamp removal. For both processes, a brief plasma etch is
typically used to remove any polymer residue present in the
channels of the patterned polymer film before further
processing.

Metallization of the resulting polymer film relief structures
is readily accomplished via subtractive lift-off methods. For
example, metal deposited via vapor deposition techniques
adheres to both the uncovered substrate and the remaining
polymer template, with subsequent dissolution of the poly-
mer conferring metallization selectivity via removal of the
unwanted polymer-bound metal. Au features of ∼20-nm
width have been fabricated using NIL by Austin and Chou
(256), and the selective deposition of Ti features of ∼100-
nm width has been reported by Willson and co-workers
(257) using the S-FIL process. In related work, Chou and co-
workers have described a photocurable NIL (P-NIL) process
(259) in which sub-10-nm features are fabricated via UV-
assisted imprinting of a UV-polymerizable Si-based liquid
film spin-coated on a planar polymer film base layer. Sub-
sequent RIE pattern transfer and vapor-phase metal deposi-
tion results in the fabrication of sub-10-nm-width features
in Au metal.

There are no reports as yet regarding the use of solution-
based EL deposition methods for the selective metallization
of polymer templates prepared via standard NIL or S-FIL
processes. However, Krivokapic (260) has described a NIL-
type process in which a stamp bearing wedge-shaped cross-
sectional relief features is used to directly imprint trenches
having “V-shaped” cross sections into polymer dielectric
films. Application of an EL Pd catalyst to the tips of the stamp
relief structures directly and simultaneously transfers cata-
lyst into the trench during the imprinting process. Subse-

quent EL Cu plating forms Cu interconnect features having
widths as small as ∼20-50 nm, as defined by the stamp
wedge feature dimensions, directly in the trenches created
in the dielectric film.

In general, however, the use of a plasma etch to remove
residual polymer after imprinting via standard NIL or S-FIL
techniques represents a serious impediment for ligand-based
patterned EL metallization of substrates. A plasma etch will
remove both the polymer residue and ligand SAM from the
substrate floor in the polymer channels after imprinting,
preventing binding of the Sn-free Pd catalyst required for EL
plating. Attempts to deposit ligand SAM after plasma etching
can also fail because the ligand may undesirably physisorb
or chemisorb to the chemically altered tops and sidewalls
of the remaining polymer defining the features, destroying
metallization selectivity. One apparent solution to this prob-
lem is the use of a hardened cross-linked polymer planarizer
layer bearing appropriate PdII binding ligands as a base
coating on the substrate. Such layers are routinely required
for the manufacture of CMOS devices (13) and are therefore
acceptable to electronics manufacturers. For example, a
planarizer layer ∼100-nm thick bearing some fraction of
pyridine ligands as part of its composition may retain a
sufficient thickness and level of available pyridine ligand,
even after a brief plasma etch to remove residual imprint
polymer, to bind PdII colloids for EL plating.

A second alternative involves the solution-based removal
of the residual polymer from the imprinted polymer tem-
plate channels, akin to the development step of our CCM
process. Huskens and co-workers (261) have recently dem-
onstrated that such solution-based removal of the residual
polymer after imprinting using the NIL technique is possible.
Their removal of the residual poly(methyl methacrylate)
(PMMA) via a brief acetone rinse preserves the imprinted
pattern in the remaining PMMA film while uncovering
reactive silanol groups of the underlying Si wafer substrate.
Because the chemistry of the remaining PMMA template is
not altered, selective vapor-phase chemisorption of a ligand
EDA SAM to the silanols is achieved. Subsequent treatment
of the patterned PMMA template with an aqueous dispersion
of ∼50-nm-diameter silica nanoparticles whose surfaces
have been modified by anionic carboxylate species electro-
statically binds the particles to protonated amine sites of
EDA on the channel floor of the template. Although mini-
mum features of only ∼700-nm width have been fabricated
because of the large size of the silica nanoparticles used, the
work clearly (1) demonstrates the applicability of NIL for
aqueous processing conditions required for EL metallization
and (2) suggests that a hybrid imprint polymer-ligand SAM
composite coating for the substrate analogous to those
employed for CCM could be used. Similar process modifica-
tions can certainly be envisioned for S-FIL, suggesting that
imprinting techniques may represent some of the most
viable approaches for future fabrication of nanoscale metal
features via EL processes.
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VI. CONCLUDING REMARKS
In this paper, we have summarized our own and others’

related efforts to develop fully additive approaches for
selective EL metallization of patterned surfaces for fabrica-
tion of nanoscale metal features useful as electrical intercon-
nects, plasma-etch-resistant masks, and diffusion barriers
in electronics applications. Although the complexity of CMOS
device manufacture imposes severe constraints on the
choice of acceptable materials and processes (14), results
reported here suggest that EL metallization techniques can
be successfully adapted to satisfy these conditions. Through
control of the size and polydispersity of Pd nanoparticle EL
catalysts, in combination with TSI techniques, features in EL
Ni as small as ∼50 nm can be fabricated with sufficient
control of the fidelity and edge acuity to satisfy the current
5% design rule limiting feature size variations for electronics
applications (29, 63). These feature sizes are comparable to
the minimum nominal ∼45-nm dimensions of CMOS de-
vices in production today (14).

Therefore, it is natural to conclude this paper by asking
the question, “What are the smallest electrically conductive
features that might be prepared via EL processes?” The
answer, of course, is not yet known. However, recent work
involving EL plating of DNA templates clearly demonstrates
the ability to fabricate electrically conductive Au (262) or Ag
(263) nanowires of ∼15-nm diameter exhibiting ohmic
behavior, with metal nanowire resistivity generally greater
than that observed for bulk metal. Ohmic behavior and
increased metal resistivity have also been observed by
Buriak and co-workers (264) for smaller ∼7-nm-wide (×9-
nm-thick) Pt nanowires fabricated via plasma reduction of
PtCl42--impregnated block copolymer templates. Natelson
and co-workers (265) have reported similar increased metal
resistivity values, as well as quantum effects at low temper-
atures, for even smaller ∼3-5-nm-wide vapor-deposited
AuPd nanowires fabricated via etching of a cleaved molec-
ular-beam epitaxy-grown substrate template. Although com-
parably sized continuous Ni and Co nanowires of ∼3-nm
diameter have been fabricated via EL plating of the interior
of a tobacco mosaic virus template (190, 191), the electrical
properties of these wires have not yet been explored.
Nevertheless, their successful fabrication indicates that the
EL process is amenable for use in the confined nanoscale
environments that will become more prevalent as feature
sizes continue to shrink.

The fabrication of even higher resolution metal features
will certainly require catalysts smaller than our best nearly
monodisperse ∼2.6-nm-diameter PD0 catalyst described
here. As metal nanoparticle sizes shrink below ∼1.5-nm
diameter, however, metallic behavior necessary for catalysis
of the EL deposition process is eventually lost because an
insufficient number of metal atoms to support the formation
of a metallic conduction band are present in each nanopar-
ticle. This phenomenon may ultimately limit the minimum
EL metal feature size obtainable to ∼2-3 nm unless elec-
tronic interactions between neighboring sub-1.5-nm-diam-
eter nanoparticles in a patterned surface ensemble (266) can
be made sufficiently strong to reestablish metallic behavior.

Precedent for such behavior has been observed by Nilius and
co-workers (267, 268), who have noted STM electrical
conductivity suggesting the formation of 1D metallic con-
duction bands in linear chains of Au or Pd atoms on surfaces.
Although dip-pen lithography techniques are potentially
capable of fabricating analogous features using metal nano-
particle (269, 270) or metal ion (271-273) inks, similar
conductivity measurements using sub-1.5-nm-diameter Pd
nanoparticles have not yet been reported. Consequently, the
question concerning the ultimate limits of EL plating in the
fabrication of nanoscale metal features for electrical inter-
connect applications remains unanswered. Obtaining an
answer to this question and surmounting the materials and
process challenges posed here for the fabrication of such
nanoscale and molecular-scale metal interconnects will
clearly require a concerted, sustained effort from teams of
persons skilled in all major scientific and engineering
disciplines.
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APPENDIX: ALPHABETICAL LIST OF ACRONYMS
AND TRADE NAMES

AFM ) atomic force microscopy
AZ140 ) trade name for a photoresist developer from

Hoechst Inc.
AZ 4620) trade name for a photoresist from Hoechst Inc.
BAZ ) benzyl azide [(azidomethyl)phenyl]
BPY ) 4-[2-(trimethoxysilyl)ethyl]-4′-methyl-2,2′-bipyri-

dine
BTH ) benzylthiol [(mercaptomethyl)phenyl]
CCM ) channel-constrained metallization
CMOS ) complementary metal oxide semiconductor
CMP ) benzyl chloride ) [(chloromethyl)phenyl]
CRADA ) cooperative research and development agree-

ment
D ) depth of focus
DARPA ) Defense Advanced Research Projects Agency
DMF ) N,N-dimethylformamide
DNA ) deoxyribonucleic acid
DTC ) N,N-diethyldithiocarbamatomethylphenyl ) ben-

zyl N,N-diethyldithiocarbamate
EDA)N-(2-aminoethyl)-(3-aminopropyl)trimethoxysilane
EDTA ) ethylenediaminetetraacetic acid
EL ) electroless
EUV ) extreme ultraviolet, defined here as light in the

∼11-14-nm wavelength range
EXAFS ) extended X-ray absorption fine structure spec-

troscopy
Fidelity 1025 ) trade name for the electroless Cu bath

from OM Group, Inc.
HOAc ) acetic acid
IMP ) benzyl iodide ) [(iodomethyl)phenyl]
IR ) infrared
k, k′ ) geometric factors for exposure tools
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MF-312 ) trade name for a photoresist developer from
Rohm & Haas Inc.

MOS ) metal oxide semiconductor
MPT ) mixed potential theory
µCP ) microcontact printing
NA ) numerical aperture
NIL ) nanoimprint lithography
NIPOSIT 468B ) trade name for an electroless NiB plating

bath from Rohm & Haas Inc.
NRL ) Naval Research Laboratory
OAc ) acetate
PAMAM ) trade name for a series of poly[(amidoethyl)-

ethanolamine] dendrimers from Dendritic NanoTechnolo-
gies Inc.

PD0 ) near-monodisperse Pd0-based nanoparticle elec-
troless catalyst of ∼2.6-nm average particle size prepared
by the rapid reduction of PdII species in an aqueous solution

PD1 ) polydisperse PdII-based nanoparticle electroless
catalyst of ∼30-nm average particle size prepared by the
slow simultaneous nucleation and growth of hydrolyzed
PdCl42- species in a slightly acidic aqueous solution

PD2 ) near-monodisperse PdII-based nanoparticle elec-
troless catalyst of ∼9-nm average particle size prepared by
the rapid nucleation of hydrolyzed PdCl42- species in a basic
aqueous solution

PEDA ) [[[(aminoethyl)amino]methyl]pheneth-
yl]trimethoxysilane

PHOS ) [(diphenylphosphino)ethyl]triethoxysilane
PMMA ) poly(methyl methacrylate)
P-NIL ) photocurable nanoimprint lithography
PTFE ) poly(tetrafluoroethylene)
PYR ) [2-(trimethoxysilyl)ethyl]pyridine
R ) feature resolution
RF ) radio frequency
RIE ) reactive ion etch
S1400-26 ) trade name for a photoresist from Rohm &

Haas Inc.
SAL601-ER7 ) trade name for a photoresist from Rohm

& Haas Inc.
SAM ) self-assembled monolayer
SEM ) scanning electron microscopy
S-FIL ) step and flash imprint lithography
SiLK ) trade name of a low dielectric aromatic hydrocar-

bon polymer from Dow Chemical Co.
STM ) scanning tunneling microscopy
TEM ) transmission electron microscopy
TMP ) benzyl thiocyanate [(thiocyanatomethyl)phenyl]
TSI ) top-surface imaging
UV ) ultraviolet light, defined here as light in the

∼193-300-nm wavelength range
VUV ) vacuum ultraviolet, defined here as light in the

∼150-190-nm wavelength range
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