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Pd hexadecanethiolate and Pd butanethiolate precursors were patterned using inkjet printing techniques to form metallic Pd interconnects upon
thermolysis. Patterns with lateral dimensions of �50 mm were produced. The surface morphology of the Pd interconnects was examined using
scanning electron microscopy. By printing four-probe patterns, the resistance as a function of the precursor concentration was determined,
allowing estimates for the resistivity of the printed interconnects. To demonstrate the utility of this fabrication approach, an electronic
circuit consisting of single-wall carbon nanotubes was inkjet printed and then contacted with Pd pads. These printed patterns have also
been applied as surface-enhanced Raman scattering substrates that exhibit high sensitivity.
1. Introduction: Inkjet printing technology has proven useful for
the patterned deposition of liquid precursor materials, including
polymers and molten metal in the fabrication of electronics and
the functionalisation of biomedical surfaces [1, 2]. Direct ink
writing offers an attractive alternative for meeting the demanding
design rules and form factors required in printed electronic and
optoelectronic devices. Inkjet printing is particularly attractive
because of its short processing time, low capital and production
costs, applicability to non-planar substrates and diminutive environ-
mental impact, particularly when compared to photolithographic
techniques. For these reasons, it is generally recognised that
inkjet printing is simpler, more environmentally friendly and cost
effective than vacuum-based methods [3].

Noble metals have been tested for inkjet printing applications,
and the most commonly used inks comprise metal nanoparticles.
An alternative is to print a metal salt and a reducing agent sequen-
tially. In the case of nanoparticle inks, the printed patterns are sub-
jected to sintering either by heating to 100–5508C [4, 5], by
applying voltages [6] or by laser curing [7]. Allen et al. [6] used
a nanoparticle ink containing 34.5 wt% Ag nanoparticles, with par-
ticle diameters of 10–20 nm, dispersed in triethylene glycol mono-
ethyl ether. To obtain an electrical conductivity close to that of bulk
Ag, an external voltage was applied to sinter the nanoparticles. The
use of silver nitrate with the reducing agent ascorbic acid to form Ag
patterns has been demonstrated previously [8]. Chow et al. [9] used
a mixture of two solvents to print uniform Au nanoparticles patterns
on a glass substrate. Shah et al. [10] used inkjet printing on trans-
parent plastic sheets to pattern Pt colloids as a catalyst for electroless
Cu metallisation. Printing Cu nanoparticles is difficult because the
printed patterns easily oxidise. Cu nanoparticles have been mixed
with Ag and printed as described by Woo et al. [3]. They developed
a Cu–Ag-based mixed metal conductive ink by using Cu and Ag
nanoparticles at varying volume ratios from 2:1 to 4:1, printed on
a flexible plastic substrate and annealed at 175–2108C to obtain
conductive patterns. Li et al. [11] printed Cu/Ni patterns using an
aqueous Cu/Ni salt solution and a reducing agent of sodium boro-
hydride in two separate compartments.

A few studies have reported inkjet printing of Pd, which is often
employed as a catalyst layer for the electrochemical deposition of
other metals. Zabetakis et al. [12] used a commercial Pd–Sn
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electroless catalyst, Cataposit 44 (Rohm & Haas), to print a Pd
catalyst on paper. Recently, Busato et al. [13] used ionic PdCl2 as
the source of Pd and printed a pattern on polyimide. The patterns
were baked at 608C for 15 min. Reduction of the surface-bound
Pd(II) to metallic Pd(0) was accomplished by immersion into
0.1 M sodium borohydride at room temperature for 5 min.

In what follows, the authors report on the development of a new
type of ink made from an organic precursor of Pd, namely Pd alka-
nethiolate. Previously, this precursor has been used as a highly sen-
sitive resist for electron beam lithography. This chemical is soluble in
most organic solvents and may form a new class of inks for printing
[14]. A further advantage with this ink is that the precursor upon
heating to a relatively low temperature of 2308C forms pure metal
[15].

2. Experimental
2.1. Inkjet printing setup: The inkjet system used for this study con-
sists of an XY motorised stage with an encoder resolution of
0.5 mm, an HP TIPS thermal inkjet drop ejection system with
pens containing up to 18 nozzles that can produce drops in the
range of 1–220 pL per nozzle at an ejection frequency as high as
45 kHz, a CCD imaging system for viewing drop generation and
a laser registration system used for mapping the position and orien-
tation of substrates [16]. With this system, patterns can be easily
formed, ranging from a periodic array of dots, to continuous
lines, to complex patterns suitable for microelectronic applications.
Printing time ranges from seconds to minutes, depending on the
complexity and fidelity of the pattern desired.

2.2. Preparation of palladium alkanethiolates: Palladium
alkanethiolate precursor was prepared by mixing an equimolar
ratio of Pd acetate and alkanethiol (butane or hexadecane), both
dissolved in toluene. Following the reaction, the solution became
viscous, and the yellow colour deepened to orange–yellow [14],
indicating that hexadecanethiolate (Pd(SC16H33)2) or butanethiolate
(Pd(SC4H9)2) had formed. The obtained alkanethiolate was
dissolved in toluene to make inks with different concentrations
ranging from 50 to 600 mM. The substrates employed for the
inkjet printing were oxidised silicon (SiO2/Si) wafers. The patterns
were thermolysed in an oven at 2308C under ambient atmosphere
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for 1 h before further characterisation. Scanning electron
microscopy (SEM) imaging was carried out using a Hitachi S-
4800 field emission SEM. Film thickness measurements were
done using an alpha-step IQ profilometer. Raman measurements
on adsorbed molecular species on printed Pd features were calcu-
lated using LabRAM HR apparatus (Horiba, USA) with an exci-
tation wavelength of 632.8 nm and 5 mW cm22. Signal
accumulation was performed for 25 s with a spot size of 1 mm.

3. Results and discussion: The characteristic morphology of ther-
molysed films obtained from 150 mM precursor solutions is shown
in Fig. 1. SEM image in Fig. 1a shows that thermolysis of Pd hex-
adecanethiolate leads to the formation of nanogranular films with
the nanoparticle sizes varying between 20 and 30 nm. The film
appears smooth with the nanoparticles packed tightly. In contrast,
the butanethiolate precursor produces a somewhat rough film
(Fig. 1b), with the particle size in the 35–50 nm range. The differ-
ence in the film morphology may arise from the crystallinity; the
hexadecanethiolate is known to form self-assembled bilayer struc-
tures while the shorter alkyl chain remains amorphous [14].

Energy dispersive spectroscopy was performed on the patterns
before and after thermolysis. These experiments revealed that the
carbon content in the hexadecanethiolate precursor before thermo-
lysis was 70% and dropped to 7% after thermolysis [15]. A
similar trend was observed in the case of butanethiolate, which
had initially a 39% carbon content that dropped to 6% upon thermo-
lysis. Initially, the sulphur content was found to be 12% and 15%
for hexadecanethiolate and butanethiolate precursors, respectively.
These values drop below 1% after thermolysis. The results demon-
strate that thermolysis is an important step to obtain metallic Pd pat-
terns from this metal-organic precursor.

Fig. 2 shows several dot and line patterns generated by inkjet
printing with 150 mM solution of the hexadecanethiolate precursor.
Fig. 2a shows uniform dots with 50–60 mm diameters. As
illustrated in the inset, the minimum separation achieved is
around 2.7 mm. Fig. 2b shows that thick continuous lines can be
printed with widths as low as 50–60 mm. To demonstrate the
diverse applications of this Pd alkanethiolate ink, printing has
also been successfully achieved on flexible Kaptonw substrates.

To characterise the electrical quality of the printed patterns, four-
probe resistivity measurements were performed on a five-layer
inkjet-printed line pattern (190 mm wide) containing four integrated
contact pads. A constant current in the range of 0.05–0.70 mA was
applied across the outer two contact pads, while the voltage drop
was measured between inner two contact pads, which were
1.5 mm apart. Fig. 3 shows the variation in thickness as well as
resistance as a function of precursor concentration for both precur-
sors. As shown in Fig. 3a, thickness measurements made with an
alpha-step IQ profilometer revealed a systematic variation in line
thickness for different precursor concentrations of Pd. The thickness
was 413 nm for 600 mM and decreased to 66 nm for 50 mM

Figure 1 SEM images of thermolysed films
a Pd hexadecanethiolate
b Pd butanethiolate
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concentration. The variation in resistance as a function of concen-
tration is also plotted in Fig. 3a. The resistances were measured
to be 103 and 665 V for the highest (600 mM) and lowest
(50 mM) concentrations, respectively. The highest concentration
of butanethiolate that could be printed was 300 mM; attempts to
use a 600 mM solution failed because the high viscosity prevented
reliable inkjet drop formation.

The results for the butanethiolate ink are given in Fig. 3b. The
variation in vertical thickness for different concentrations reveals

Figure 2 SEM images
a Showing smallest dot patterns printed using Pd hexadecanethiolate
(150 mM); inset showing two close dots
b Fine lines patterns

Figure 3 Plot showing the variation in thickness and resistance with
concentration of the ink
a Pd hexadecanethiolate
b Pd butanethiolate
Thickness measurements were performed using an alpha-step IQ
profilometer. The resistance measurements were obtained using a four-
probe technique
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values of 49 and 186 nm for the lowest (50 mM) and the highest
(300 mM) concentrations. The variation in resistance follows the
same trend observed for the hexadecanethiolate precursor.
From the known geometry of the pattern, the resistivity is
found to be (4.6 + 0.8) × 1026 V m for traces derived from the
hexadecanethiolate precursor and (2.5 + 0.4) × 1026 V m for
those from the butanethiolate. The bulk resistivity of Pd metal is
1.05 × 1027 V m. The lower resistivity value for the butanethiolate
case occurred mainly due to larger particle size [17]. Earlier studies
employing Pd hexadecanethiolate as a highly sensitive e-beam resist
have shown that the resistivity of an e-beam fabricated line pattern
had a resistivity approximately three times greater than bulk [15].
Other studies involving patterning Pd by e-beam lithography have
reported resistivity values of 100 × 1026 V m [18] and
417 × 1026 V m [19] – higher than those of the present work by
one to two orders of magnitude.

Separate experiments were performed to investigate the potential
of inkjet printing for nanoelectronic applications (Fig. 4). One of the
many useful properties of single-wall carbon nanotubes (SWCNTs)
is their gage factor, measuring relative change in electrical resist-
ance to the mechanical strain applied, which has been shown to
be �1000 or larger [20]. In the authors’ demonstration experiments,
a network of SWCNTs was formed by printing two layers of an
aqueous solution of SWCNTs wrapped with single-stranded DNA
(SSDNA). The technique developed to disperse SWCNTs with
SSDNA in aqueous medium has been reported elsewhere [21].
After printing the SWCNT–SSDNA line trace, Pd alkanethiolate
electrodes were printed to form electrical contact pads to either
ends of the SWCNT network. The thickness of the SWCNTs–
SSDNA pattern was found to be �11 nm. The printed electrical
circuit is shown in the inset of Fig. 4. The contact pads made of
Pd are 1 mm2 in size and are printed 2 mm apart. These contact
pads facilitate an electrical measurement of 60 mm-wide
SWCNTs–SSDNA trace. I(V ) measurements reveal the conducting
nature of the randomly interconnected SWCNTs–SSDNA (Fig. 4),
with a linear I(V ) relation and a resistance of 2.14 MV. With the
known dimensions of the pattern, the corresponding resistivity of
the composite is 1.14 × 1023 V m.

Printed patterns of Pd such as the one shown in Fig. 2a have been
employed as surface-enhanced Raman scattering (SERS) microsub-
strates arranged in a ‘chip’ [22]. SERS is widely employed as an
important tool in trace analysis. Commonly Ag and Au-based sub-
strates are used for SERS studies, but there have been several reports
recently on Pd as well [22]. To assess the performance of the Pd
alkanethiolate-derived traces for SERS activity, printed arrays of
Pd (similar to shown in Fig. 2a) were dipped in 1 mM solution of
thiophenol in toluene. Later, the substrate was washed to remove
the unadsorbed molecules from the surface. Raman spectra are

Figure 4 I–V plot showing the current through a SWCNT–SSDNA line
trace contacted by inkjet-printed Pd electrodes
Inset shows the SEM image of the circuit fabricated by inkjet printing. The
current flows through an interconnected array of SSDNA wrapped SWCNTs
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shown in Fig. 5. The Raman spectra of adsorbed thiophenol on
the printed array (Fig. 5, spectra a–c) are compared with the spec-
trum from neat thiophenol (Fig. 5, spectrum d). The peaks at 1005,
1028 and 1079 cm21 correspond to ring breathing, C–H bending
and C–S stretching modes, respectively [23]. The surface enhance-
ment of the Raman signal from the printed pattern is very high as
compared to the control sample of neat thiophenol.

4. Conclusion: The electrical properties of inkjet printed patterns
formed using Pd alkanethiolates have been investigated. The
linear patterns obtained after thermolysis exhibit metallic
conduction and have a resistivity value only one order of magnitude
greater than the bulk resistivity of pure, bulk Pd. Lines and dots with
diameters of 50–60 mm can easily be printed. Insulating gaps
between adjacent dots can be as small as 2.7 mm. The feasibility
of using a sequential inkjet printing process to fabricate an entire
electrical circuit is clearly demonstrated by printing an intercon-
nected network of SSDNA–SWCNTs between two contact pad
electrodes made from a Pd alkanethiolate precursor. Future appli-
cations of Pd inkjet patterns include circuit interconnects, Raman
chips and spatially printed catalysts for nanowire growth, among
others.
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