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ABSTRACT The paper reports the use of self-assembled monolayers (SAMs) of dithiols to induce electroless copper deposition on a
gold substrate. The metallization catalyst, palladium nanoparticles, is bound on the dithiol SAM. The assembly process is followed by
IR and X-ray photoelectron spectroscopies to confirm the formation of a monolayer with bound catalyst. Electroless metallization is
then carried out with a steady deposition rate of 130 nm/min. Additionally, microcontact printing of the catalyst on the SAM by
poly(dimethylsiloxane) stamps is used to localize copper deposits. Resulting metallization is selective and allows for a high resolution.
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INTRODUCTION

Electroless deposition of metals is of special interest
in modern technology, especially in the fabrication
of fine metal patterns for microelectronics, wear- and

corrosion-resistant materials, medical applications, and bat-
tery technologies (1-5). Electroless deposition is based on
the reduction of metallic ions from solution onto the sub-
strate to be metalized without application of any electric
current (6). This reaction generally requires the use of a
catalyst that initiates the autocatalytic metallization process.
The electroless process allows for selective and delicate
metal deposition, which is often a challenge for electrolytic
methods.

The crucial stage of the electroless deposition is seeding
or catalyst deposition (also called activation). The catalyst
particle lowers the activation energy of metal formation by
serving as a temporary electron bridge between the reducing
agent and metallic ions. After deposition of the first metal
grains, the process becomes autocatalytic for many metals.
The catalyst must be strongly bound to the substrate, and
in the case of selective metallization, it should be localized
strictly in the desired regions. Typical industrial surface
activation processes involve surface treatment with stannous
chloride followed by the reduction of Pd2+ to a catalytic form,
colloidal Pd0, by Sn ions adsorbed on the surface (7).
Although widespread, that process involves the use of toxic
tin compounds as well as numerous complex additives,
surfactants, and other adsorption promoters. It lacks control
over the size and morphology of colloidal palladium, which
is known to determine the deposition behavior and deposit

quality and does not allow selective deposition. Another
approach of surface activation for electroless metallization
is based on self-assembly methods. They can be applied for
the metallization of a range of substrates by using different
binding agents. These agents are typically bifunctional: one
group anchors the agent to the substrate surface via the
formation of a self-assembled monolayer (SAM), and the
other allows for subsequent binding of the metallization
catalyst. This approach has been thoroughly described for
the metallization of Si/SiO2 (2, 8-12). Some examples of
SAM-based metallization of hydrogenated silicon (13) and
plastic (14) substrates are also known.

Conversely, metallization of metallic substrates by such
a surface activation method was much less studied because
direct electrodeposition is generally more convenient in that
case. However, in some cases an electric current cannot be
applied directly to metallic substrates because of addressing
problems, size limitations, or various geometric or material
constraints. In those cases, electroless metal deposition
(ElMD) becomes a vital alternative. To the best of our
knowledge, only a few binding agents forming SAMs have
been proposed for ElMD on metallic surfaces. For instance,
mercaptocarboxylic acid based compounds allow catalyst-
free metallization (15-17). While providing high-resolution
patterns, this metallization process is very slow (6 nm/min),
which limits its application only to thin patterns. Indeed, the
probability of plating fog formation increases with time,
which makes the plating bath unstable for high deposition
rates (18). The alternative approach proposed by Delama-
rche et al. benefits from the high adhesion of the palladium
catalyst to the surface of a titanium oxide coated substrate
to exclude the use of SAMs (19). For that purpose, the
authors had, however, to use unstable catalyst solutions and
limit themselves to titanium substrates only. Application of
functionalized polystyrene microbeads is an elegant but
rather complicated way for selective nickel pattern deposi-
tion on polyelectrolyte film coated gold surfaces (20). Indeed,
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its resolution is limited by the size of the beads, and no
information on the final conductivity of the deposits was
given by the authors. Finally, it was recently shown that it
is possible to metallize the gold surface using biphenylthiol
cross-linkable SAMs (21). The metallization is rather slow (10
nm/min) and involves e-beam lithography for localization of
the copper deposits. According to the authors, it provides
only kinetic control over the deposition selectivity between
cross-linked and pristine areas, which makes it problematic
for use in electronic applications.

The present paper reports application of dithiol-based
compounds as SAMs for binding noble metal nanoparticles
aimed at catalyzing the electroless metallization process of
metallic substrates. Thiol-functionalized molecules are known
to form well-organized densely packed SAMs on the group
1b metals (22-24). They represent the best studied and
widely used class of compounds for SAM formation. Also
they are very promising materials for the fabrication of
highly ordered and stable monolayers for chemical im-
mobilization of nanoparticles onto metallic surfaces (25). For
that latter purpose, the simplest strategy is to use dithiol
molecules. Common dithiol molecules are commercially
available and stable at ambient conditions. Provided that the
chemical group that links the two thiol functions is rigid
enough or short enough to prevent loop formation (26), they
readily form a tightly bound well-organized monolayer on
gold with a so-called “standing-up” phase (27) and provide
molecular junctions with low resistance via electron tunnel-
ling (28, 29). Dithiols have already been successfully em-
ployed to attach (25, 30, 31) or grow (32) semiconductor and
metallic nanocrystals to metal surfaces.

In this work, we use 1,6-hexanedithiol (HDT) as a binding
agent for palladium nanoparticle based catalyst immobiliza-
tion onto gold surfaces. Subsequent copper electroless
deposition provides a demonstration of the efficiency of the
method that can be applied for the reliable, selective, and
fast fabrication of metallic patterns for microelectronic
devices.

RESULTS AND DISCUSSION
SAM Formation and Subsequent Catalyst Bind-

ing. The SAM formation process on gold was studied by IR
reflection-absorption spectroscopy (IRRAS). On the IRRAS
spectra (Figure 1), one can clearly see the aliphatic signature
of the disordered hexyl chain (2856 and 2927 cm-1) slightly
shifted to lower wavenumbers with respect to ordered
monolayers (25, 33, 34). As was already described in other
dithiol SAMs including rigid ones that are not prone to loop
formation, the SH stretch, which is typically present at
2600-2700 cm-1 for neat dithiols, is not discernible on the
SAM spectrum. This lack of a S-H stretching signal is
generally assigned to the poor signal-to-noise ratio of that
specific group, or preferential orientation of the S-H bond
for rigid dithiols (35). Upon binding of palladium nanopar-
ticles on the HDT monolayer, the aliphatic peak becomes
much more pronounced because of the added contribution
of the capping ligands of the nanoparticles, namely, tetraoc-
tadecylammonium chains.

The contact angle measured on the resulting Au/HDT
surfaces was 68°. This value is close to the previously
reported contact angles for dithiol-based SAMs (28, 36) and
confirms the formation of a monolayer on the gold surface.
After the palladium nanoparticle binding, the hydrophobicity
of the surface expectedly increases as witnessed by the
contact angle of 90°, which confirms the successful adsorp-
tion of capped palladium nanoparticles.

In order to further investigate the palladium binding
process on a HDT monolayer, we carried out a series of X-ray
photoelectron spectroscopy (XPS) measurements. The sur-
vey XPS spectrum of a Au/HDT SAM reveals the presence
of S atoms (Figure 2, bottom).

On the decomposed detailed spectrum (Figure 3, bot-
tom), the sulfur peak appears as a superposition of two
overlapping doublets of similar intensity: one at 162/163.5
eV and the other at 163.5/164.8 eV. They are attributed to
(i) S bound to the gold surface (thiolate) for the former
doublet and (ii) a “free” thiol group exposed to air for the
latter one. X-ray diffraction and XPS measurements already
demonstrated that diluted solutions of short-chain dithiol
molecules predominantly take a “stand-on” conformation

FIGURE 1. IR spectra of a HDT monolayer (top) and HDT with bound
palladium particles (bottom). A vertical offset of 0.005 units for HDT/
Pd was introduced for clarity.

FIGURE 2. XPS spectra of a Au/HDT monolayer (bottom) and Au/
HDT/Pd (top).
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rather than forming loops with bidentate coordination to the
gold surface (27). Ideally, the S-H/S-Au intensity ratio
should be unity. However, ratios going from 1:3 to more
than 10 were reported in the literature. The lower ratios are
generally attributed to dithiols partially forming loops with
both S atoms bound to Au (32). The higher ones are
explained by both the attenuation of the bound-S signal by
the SAM itself and some multilayer formation. Our own
spectra give a ratio of ca. 2.4, which may be interpreted
using both of the above arguments (37, 38). Anyway, the
XPS analysis confirms the availability of SH groups for
subsequent palladium adsorption.

After palladium adsorption, the thiolate peak significantly
gains in intensity at the expense of the thiol peak (Figure 3,
top), which is clear evidence of the binding of formerly free
thiol groups with palladium nanoparticles. One cannot,
nevertheless, rule out a possible migration of some unbound
HDT chains trapped within the SAM and their binding on
top of the palladium nanoparticles, which would result in a
similar spectrum. Unfortunately, S atoms bound to Pd
cannot be distinguished from S atoms bound to Au on the
XPS spectra.

Palladium nanoparticle deposition onto the HDT mono-
layer should also be evidenced by the appearance of char-
acteristic palladium peaks in a survey XPS spectrum. Unfor-
tunately, most of the internal electronic transitions of Pd
atoms show energies similar to those of Au atoms from the
substrate, which prevents any accurate attribution. However,
a weak 340.3 eV peak corresponding to Pd0 3d3/2 is visible
on the detailed spectrum (Figure 4). Closer inspection of the
palladium spectral region allows for detection of an ad-
ditional peak at 341.5 eV. It can be attributed to an oxidized
form of palladium (labeled as Pd-Ox in Figure 4), resulting
from external oxidation or photoelectron bombardment, as
was already observed for Pd 3d5/2 (39, 40). Finally, a clear
Auger peak at 1160 eV (Figure 2, top) offers unambiguous
evidence of the presence of palladium in the Au/HDT/Pd film.

Bulk Surface Metallization. Once deposition of the
catalyst is realized, the surface is ready for electroless

metallization. Electroless metallization was performed by
using a copper plating bath with added triethanolamine
(TEA), which was mixed with formaldehyde as a reducing
agent (7). TEA actually adsorbs on copper surfaces in forma-
tion to inhibit formaldehyde oxidation, thus allowing for
more control over the rate and quality of metallization (41).
The substrate activated by a palladium catalyst was im-
mersed directly into the plating bath for a given time, which
resulted in uniform copper film growth on the Au/HDT/Pd
surface. The copper film thickness is proportional to the
metallization time. A metallization rate of 130 nm/min was
measured by comparing the copper thicknesses on sub-
strates metallized for various times. Its value remains con-
stant for at least 5 min. The rate depends on the concentra-
tion of the reducing agent: the more formaldehyde, the
faster the metallization, which results in films of lower
quality. It should be noticed that the copper film quality,
namely, morphology and surface roughness, is also often
determined by the palladium activation process (42, 43). In
our case, we found that the copper film properties were
mainly influenced by the time of surface activation, i.e., the
immersion time of the Au/HDT substrate in the palladium
catalyst solution. Immersion of the substrate in the catalyst
solution for a few seconds followed by metallization for 2

FIGURE 3. Sulfur XPS spectra of a Au/HDT monolayer (bottom) and
Au/HDT/Pd (top). Fitted peaks of thiol and thiolate groups are
represented by dashed and dotted lines, respectively.

FIGURE 4. Pd XPS spectrum of Au/HDT/Pd (detail). Fitted peaks of
Pd0 and Pd-Ox are represented by dotted and dashed lines,
respectively.

FIGURE 5. Scheme of selective metallization.
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min in a standard bath gave a final copper surface roughness
of 33 nm, while treatment for 3 and 5 min resulted in Rrms

values of 92 and 157 nm, respectively. Apparently, shorter
exposure of Au/HDT SAMs to the colloidal palladium solution
produces more homogeneous self-assembled Au/HDT/Pd
layers, while an increase in the exposure time to the colloidal
palladium solution leads to bulkier palladium aggregates,
which results in rougher copper films.

Selective Surface Metallization. In order to carry
out selective metallization of desired substrate zones, mi-
crocontact printing (44) was chosen to localize the palladium
adsorption (Figure 5). The substrate surface was indeed
patterned with catalyst particles by means of a poly(dim-
ethylsiloxane) (PDMS) stamp, which was fabricated following
standard procedures (45). Au/HDT substrates were prepared
as described above. The patterned PDMS stamp was inked
by the catalyst solution by dipping the stamp into a pal-
ladium nanoparticle solution in toluene, as described by
Whitesides et al. (46). The stamp was then dried in an argon
flow and brought in contact with the Au/HDT substrate for
ca. 10 min. The pattern transfer occurred as a result of the
spontaneous adsorption of palladium nanoparticles on avail-
able SH groups. The resulting patterned surface was then
immediately immersed into the fresh copper plating bath
followed by rinsing. Only the areas that were in contact with
a stamp and thus contain a catalyst gave rise to copper
deposition.

After metallization, the properties of the copper deposits
were studied in detail. The deposits provide an excellent
electrical contact between copper and the metallic substrate,
with a resistivity approaching the values of copper and gold.
That electrical continuity may arise from copper penetration
through the catalyst and SAM layers to the Au/S interface. A
similar phenomenon has been observed for catalyst-free
electroless deposition on top of methyl- and carboxy-
terminated thiols (17). Alternatively, that conductivity may
be a consequence of efficient electron tunneling through the
thiol layer (29, 47).

Depending on the stamp used, different patterns were
obtained with high precision (Figure 6A-C). Small defects
(isolated dots or incomplete coverage) in copper patterns are
visible at high magnification. Contrary to Sawada et al., who
showed direct copper reduction on top of SH-terminated

monolayers (14), immersion of a catalyst-free Au/HDT sur-
face directly into the plating bath did not give rise to any
copper film formation within our typical experiment time
(5-10 min). Hence, it is likely that the observed parasitic
copper grains do not originate from defect sites in the HDT
SAMs but are rather from experimental environment draw-
backs such as working in an ordinary laboratory instead of
a clean room. Similar defects are often observed following
microcontact printing steps (45, 46). Nevertheless, the
obtained micron-sized copper features are conformal to
pristine PDMS stamps, which makes this technique relevant
for applications in large-area electronics (such as displays
and radio-frequency identification tags).

Regardless of the activation method (i.e., either homo-
geneous from a solution or localized through stamping),
copper deposits pass the “Scotch tape test”, which evidences
their high adhesion to the substrate surface due to strong
binding between all of the components of the system. The
copper film growth rate measured for localized ElMD was
the same as that for plain surface metallization. However,
the roughness analysis performed by atomic force micros-
copy (AFM) on a number of samples metallized under typical
conditions gives a Rrms value of 60 nm for the patterns
obtained by microcontact printing, which is almost 2 times
higher than that on a homogeneous Au/HDT/Pd. This dispar-
ity likely comes from different pathways of copper nucle-
ation. In the case of localized ElMD, some catalyst nanopar-
ticle aggregation occurs on the surface of wetted stamps
when toluene evaporates because of the nonspecific adsorp-
tion of palladium on PDMS. During subsequent metalliza-
tion, those catalyst aggregates may affect the surface mor-
phology of copper deposits, including their roughness. In the
case of homogeneous ElMD, the catalyst particles are firmly
bound to the HDT SAM from a well-dispersed solution, which
ensures better surface distribution and prevents aggregation
during solvent drying. The resulting copper nucleation cen-
ters are smaller in size, hence the observed lower roughness.

This work demonstrates the successful application of
bifunctional HDT as a monolayer on gold substrates for
binding a palladium catalyst for electroless deposition of
copper. HDT forms stable SAMs in a “standing-up” config-
uration, which provides a strong binding of palladium nano-
particles, as evidenced by IR spectroscopy and XPS. The

FIGURE 6. (A and B) Optical microscope images of gold substrates with different copper patterns deposited by microcontact printing. (C) AFM
image of sample B.
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catalyst can be deposited either by direct dipping of a
substrate into the solution or by microcontact printing. The
latter allows for the creation of finely patterned microstruc-
tures. Thin metal films grown on the activated substrates
from a copper plating solution follow the defined catalyst
pattern and exhibit high electrical continuity with the gold
substrate. This simple and versatile method can be applied
in microelectronics for the formation of conducting vias
using only soft technologies, as well as in metal-coating
modification.

EXPERIMENTAL SECTION
All of the reagents and solvents were used as received from

the supplier without further purification. Glass substrates (RS
France) were cleaned immediately before use by immersion in
deionized water and placement into an ultrasonic bath for 15
min. The substrates were dried under an argon flow, and the
procedure was repeated with ethanol and then acetone as
solvents. Cleaned substrates were dried and subjected im-
mediately to vacuum gold deposition. The gold thickness was
200 nm with the use of a sublayer of 20 nm of chromium as
the adhesion promoter.

Surface Modification. Gold-coated slides were cleaned ac-
cording to the procedure described above, followed by UV/
ozone cleaning for 10 min right before the surface modification.
The substrates were immersed into a 10 mM ethanolic solution
of 1,6-hexanedithiol (HDT) overnight. Treated substrates (Au/
HDT) were washed with fresh ethanol and dried under an argon
flow.

For catalyst deposition, palladium nanoparticles stabilized
with tetraoctadecylammonium bromide were synthesized ac-
cording to the described procedure (46). The palladium nano-
particle diameter was ca. 5 nm with a narrow size distribution,
as determined by transmission electron microscopy (see the
Supporting Information). Au/HDT substrates were immersed
into a 0.5 mg/mL solution of catalyst in anhydrous toluene for
the desired time. At the end of palladium complexation, the Au/
HDT/Pd substrates were washed with fresh toluene and dried
under an argon flow.

Electroless Copper Plating. A typical copper plating bath was
formed by mixing two solutions in a ratio of 6:1 right before
the bath to be used. Solution 1: 2.9 g of CuSO4 · 5H2O, 14.2 g
of Rochelle salt, 4.2 g of NaOH, 2.5 g of Na2CO3, 1.7 g of
ethylenediaminetetraacetic acid, and 0.43 g of triethanolamine
in 100 mL of distilled water. Solution 2: saturated aqueous
formaldehyde. The immersion time of the prepared substrates
in the bath was on the order of 30-600 s and defined the
resulting copper thickness. After the desired copper thickness
was reached, the metal growth was stopped simply by rinsing
the substrate with distilled water. All of the glassware in contact
with metallization solutions was rinsed with nitric acid and
distilled water.

Microcontact Printing of the Catalyst. PDMS stamps were
prepared as reported previously (45) by using a Sylgard 184 kit
from Dow Corning. Silicon wafers used as a master during the
fabrication were treated in advance by (heptafluoroisopro-
poxypropyl)trichlorosilane vapor (Aldrich) to decrease PDMS
adhesion to the silicon surface. Pattern transfer was performed
according the procedure developed by Whitesides et al. (46).

Instrumentation. IR spectra were obtained with a Bruker
Vertex 70 spectrometer (resolution 2 cm-1; spectra were
collected with 256 scans, MCT detector), equipped with a Pike
Miracle plate for attenuated total reflectance. Contact-angle
measurements were performed with water (Millipore) on a
Krüss DSA 10 contact-angle measuring system, equipped
with Krüss drop shape analysis software. XPS spectra were
recorded on KRATOS AXIS ULTRA spectrometer with an Al

KR source monochromatized at 1486.6 eV. AFM measure-
ments were performed on a Molecular Imaging PicoSPM AFM
microscope (PicoScan 2100 controller, Scientec, France)
under ambient conditions. Electrical conductivity of the
deposited patterns was estimated using a two-probe Keithley
4200 system. Optical micrographs were obtained by a Leica
DMLM microscope equipped with a Leica DFC320 digital
camera.
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