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A
dvancement in nanoelectronics cru-
cially depends on the ease with
which circuit elements based on na-

nomaterials can be fabricated reliably. This,
in turn, has led to an intense activity in the
literature, reporting innovative materials
and methods to achieve below 100 nm
fabrication.1,2 An important and widely pur-
sued aspect of nanopatterning is related to
casting metals into submicrometer features
and their exploitation as interconnects,3–5

solder in nanocircuitry,6,7 sensor elements,8

or catalysts to grow nanotubes9 and nano-
rods.10 Charged particle beam-based lithog-
raphy techniques, electron beam (EBL) and
focused ion beam (FIB), are well suited, par-
ticularly when it comes to making an inter-
connect from a contact pad3–5 or soldering
a nano-object to it.6,7 In this context, direct-
write EBL or FIB methods employing metal
precursor-based resist coatings,11–18 or
chemical vapor deposition under a focused
beam (EBID19–25 and FIBID19,26–30), find im-
mense use. Tailor-made metal organic com-
plexes and salts11–13 as well as nanoparti-
cle sols14–18 have been employed as thin-
film resists to generate nanopatterns of
Au,11,14–16 Ag,16 Pd,12,17,18 Co,13 Ni,13 and
Mo13 in direct-write methods. Vapor-phase
precursors such as carbonyls of W,19,26 Fe,20

Cr,20 and Mo as well as organometallic com-
plexes of Pt21–23,27–30 and Au5,22,23 have
been used in beam-induced depositions of
the respective metals. One of the pertinent
problems in such studies is that the written
patterns invariably contain impurities from
the starting precursor such as carbon and
gallium, as much as 40% or even
higher.14,17,21–23,28–30 Often a post-
treatment procedure is adopted to remove
the organic impurity and improve the rela-
tive metal content,12,14,17,21–23,26,27 albeit
with an overall loss of metal because of the

high temperature. Besides, the conducting
property of the metal patterns is generally
poor, the resistivity being usually a few or-
ders of magnitude higher than that of the
bulk,12,14–23,26–30 except in cases where
non-carbon-based precursors have been
developed to obtain patterns with resistiv-
ity values a few times that of the bulk.24,25

We have made palladium nanopatterns
by the direct-write EBL method using a
novel resist, a palladium alkanethiolate. Pd
being an important metal catalyst, its nano-
patterning has attracted considerable
attention.8,10,12,17,18,31–34 Yan and Gupta31

obtained 5 �m lines of Pd metal by UV-
photodissociating an acetate film, while
Lee et al.10 exposed a patterned poly-
(methyl methacrylate) (PMMA) resist to the
acetate vapor and produced Pd patterns
down to 500 nm. By blending PMMA with
Pd precursor, metallized polymer patterns
have been obtained by both UV and EBL.32

Microcontact printing has been used to cre-
ate Pd metal nanostructures on sub-
strates.33 Patterned Pd was used for the
catalytic growth of carbon nanotubes9 and
ZnO nanostructures,10 as well as for electro-
less deposition of Cu.34 Pd nanowires of
varying diameters have been obtained by
electrodeposition and employed in hydro-
gen sensing.8 Stark et al.12 patterned
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ABSTRACT Palladium hexadecylthiolate is shown to serve as a negative-tone direct-write electron resist to

produce nanopatterns down to 30 nm. The written patterns do not deviate much from the precursor in

composition, while a post-treatment at 230 °C in air produced metallic Pd nanowires with residual carbon less

than 10% and resistivity close to the bulk value, a desirable property of interconnects in nanocircuitry. The as-

written patterns contain small nanocrystals (<5 nm) in a hydrocarbon matrix, which upon annealing aggregate

to form well-connected networks of larger nanocrystals (5–15 nm), thus giving rise to metallic conductivity.

KEYWORDS: nanopatterning · electron beam lithography · metal
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palladium acetate with e-beam to get fine structures
of Pd and studied their electrical properties. Reetz et
al.17 fabricated Pd and Pd/Pt nanostructures by expos-
ing films containing corresponding cluster species to
high dosages, �0.2 C/cm2 at 120 kV. These
studies12,17,18 report resistivity values which are a few
orders of magnitude higher than that of the bulk Pd,
mainly because of the carbon impurity. Here, we report
how, in direct-write EBL, palladium hexadecylthiolate
can be made to serve as a resist requiring low
e-dosages, yet leading to highly conducting Pd
nanopatterns.

RESULTS AND DISCUSSION
Our direct-write procedure is simple, involving basi-

cally three steps (see Figure 1 top). A Pd hexadecylthi-
olate film (�60 nm) spin-coated on a Si substrate was
patterned using a 5 kV electron beam at 135 �C/cm2

and developed in toluene for 10 s. The regions exposed
to the e-beam remained on the substrate after develop-
ing (Figure 1), thus indicating the negative-tone resist
behavior of the thiolate. Previous EBL work using thi-
olate species as a source of metal (Au) was restricted to
functionalized polymeric resists, presumably due to
processing difficulties, as alkylthiolates of most metals,
once formed, cannot be easily solubilized. In contrast,
Pd alkylthiolates are soluble in common organic sol-
vents and can be self-assembled repeatedly.35,36 Corre-

sponding to the scanning electron microscopy (SEM)

image of the four square areas (6.5 � 6.5 �m2), the

energy-dispersive spectral (EDS) images in Figure 1b�d

show, as expected, the presence of Pd, C, and S, respec-

tively, in the designated areas. The molar Pd:C:S value

obtained for the patterned regions, 21:71:8, agrees with

the initial composition (19:69.8:11.2) of the unexposed

resist, Pd(SC16H35)2, implying that the electron dosage

causes only minimal change in the overall composition.

Insight into the chemical nature of the Pd species

in the patterned regions is gained by comparing its IR

spectrum with those obtained while a Pd hexadecylthi-

olate film was subjected to thermolysis in air at differ-

ent temperatures (Figure 2). The symmetric and anti-

symmetric methylene C�H stretching modes that

appear at 2848 and 2918 cm�1, respectively, for the

pristine film exhibit, when heated, small positive shifts

(�7 cm�1) accompanied by diminished intensity, both

foretelling the occurrence of defects, particularly
gauche defects, in the hydrocarbon chains of the thi-
olate.36 Palladium hexadecylthiolate is a lamellar struc-
ture (see schematic diagram in Figure 2) with alkyl
chains predominately in the all trans-conformation
with a bilayer thickness of 44.41 Å.35 Under the given
electron beam conditions (5 kV, 135 �C/cm2), the hy-
drocarbon chains seem to develop defects and produce
a disordered phase37 that exhibits absorption bands
somewhat resembling those obtained with the film
subjected to 200 °C heating. The electron beam may

Figure 1. (Top) Schematic of the procedure adopted: step 1, spin-
coating of the palladium hexadecylthiolate on Si(111) surface; step
2, EBL patterning at 5 kV; and step 3, developing the patterned sub-
strate in toluene for 10 s. (a) SEM image after electron beam pat-
terning. (b�d) EDS maps of the patterned region: (b) Pd M, (c) C K,
and (d) S K lines.

Figure 2. (a) Schematic showing the effect of electron beam
exposure on the Pd hexadecylthiolate bilayer. (b) FTIR spec-
trum of a patterned film (3 � 3 mm2) along with those ob-
tained after subjecting a pristine film (without EBL) to differ-
ent temperatures for 20 min.
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also promote radical formation and cross-linking of the
alkyl chains.15,37 The SEM image in Figure 3a shows the
patterned area in Figure 1a after ex situ thermolysis at
230 °C. Pd M EDS map (Figure 3b) shows the presence
of Pd in the designated region similar to that in Figure
1b. However, C K and S K signals became significantly
weaker (Pd:C:S, 90:9.6:0.4) following thermolysis (com-
pare Figure 3 c,d with Figure 1c,d, respectively). Pd thi-
olate, like other noble and seminoble metal thiolates, is
known to produce metal species from thermolysis.38,39

Accordingly, the C�H stretching bands disappeared
(see inset of Figure 3). It is noteworthy that the pat-
terned Pd produced this way hosts the lowest carbon
content (9.6%) as compared to other studies on Pd17,18

as well as on Au14 involving EBL.
Transmission electron microscopy (TEM) analysis

was carried out on a patterned region before and after
thermolysis. For this purpose, a Cu holey grid was
coated with the thiolate precursor, patterned with an
electron beam (5 kV, 135 �C/cm2), and developed in
toluene. The TEM micrograph (Figure 4a) showed very
small nanoparticles (�5 nm) with diffused rings in elec-
tron diffraction (see inset of Figure 4a). Following ther-
molysis at 230 °C, the particle size increased, 5–15 nm,
due to agglomeration (Figure 4b). The crystalline nature
of the nanoparticles is evident from the diffraction
data (for details, see Supporting Information) and the
high-resolution image shown in the insets of Figure 4b.
Figure 4c,d shows respectively SEM and STEM images
of the thermolyzed pattern (shown in the center),
where a widely spread network of well-connected Pd
nanoparticles is seen. This is essentially the origin of the
mesoscalar electrical behavior.

The electrical behavior during thermolysis was ex-
amined by fabricating a circuit with a patterned thi-
olate line as an active element between Au gap elec-
trodes on a SiO2(150 nm)/Si substrate and collecting the
I�V data during heating (Figure 5a). We found that
the current prior to thermolysis was in the range of pi-
coamperes which, upon heating to 180 °C, increased to
a few nanoamperes and, at 200 °C, to 0.1 mA (at 2 V).
At 215 °C, the current was unsteady and increased by
an order magnitude over a period of 120 s (see the lines
labeled 215a, 215b, and 215c). At 230 °C, however, the
current in the circuit shot up to 100 �A within 1 mV.
Prior to thermolysis, the resistance of the Pd nanowire
was �11.2 M�, which gradually decreased to 0.65 k�

when the wire was heated to 215 °C (see Figure 5b), be-
yond which the fall in resistance was steep, reaching a
value of 20 � at 230 °C, corresponding to a specific re-
sistivity of 0.300 ��m. It is worth noting that this value
of resistivity is only about 3 times the bulk Pd resistiv-
ity (0.105 ��m). The highly conducting nature of the Pd
nanowire obtained in our study is evident when com-
pared to literature values of 100 and 417 ��m from
Stark et al.12 and Reetz et al.,17 respectively. The
temperature-dependent resistivity for such a nanowire

is expected to follow a linear behavior (see Supporting

Information, Figure S1).

We have been able to reproducibly generate pat-

terns of nanometric dimensions (Figure 6). In Figure

6a, we show a few line patterns of width �30 nm. As

mentioned earlier, our Pd thiolate resist is highly sensi-

tive to the electron beam, and that makes large-area

patterning with EBL more realistic. For example, the 250

� 230 �m2 patterned square in Figure 6b was gener-

Figure 3. (a) SEM image and (b�d) EDS maps of the patterned film
in Figure 1, after thermolysis at 230 °C for 20 min. The inset shows
the FTIR spectra after thermolysis of both the patterned and the
pristine films. The spectra are similar and are devoid of C�H
stretches.

Figure 4. TEM images of patterned Pd before (a) and after (b) ther-
molysis, along with the corresponding ED data in the insets. The
bottom inset in panel b shows a typical HRTEM image of a Pd nano-
particle. The marked d-spacing corresponds to d(200) of crystalline
Pd (JCPDS no. 461043). SEM (c) and STEM (d) images from a Pd pat-
tern (square region marked in the inset) after thermolysis.
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ated with an e-dosage as small as 36 �C/cm2, which
also corresponds to its sensitivity. It may be noted that
the e-dosage used to create this pattern is much less
that the commonly used e-dosages for metals, in par-
ticular for Pd, the literature values being 103 and 2 �

105 �C/cm2 from Stark et al.12 and Reetz et al.,17

respectively.

CONCLUSION
In conclusion, the present study demonstrates the

use of Pd hexadecylthiolate as a direct-write electron re-
sist capable of producing nanometric patterns. The
high solubility of the thiolate precursor qualifies it for
processing as a resist. The resist preparation is simple,
and EBL patterning involves only three steps: coating
the resist, exposing, and developing. Being a molecu-
lar precursor, it allows high-resolution patterning and,
importantly, requires very small dosages (�a few tens

of �C/cm2 at 5 kV), as the alkyl chains undergoing dis-

order and cross-linking are very sensitive to the ener-

getic electrons. Post-treatment leading to metallic

nanopatterns is simple, involving heating to 230 °C in

air. While the composition of the patterned resist

closely resembles that of the thiolate precursor, follow-

ing thermolysis, the obtained metal lines contain car-

bon at a record low level (�10%), unusual in EBL stud-

ies. Although nanogranular in morphology, the patterns

are mesoscopically metallic with a specific resistivity of

0.300 ��m, definitely close to the bulk value (0.105

��m). The above advantages should encourage re-

searchers to adopt the present recipe potentially for

making metallic interconnects in nanocircuitry. The

post-treatment temperature (230 °C) being favorable

in circuit design, the thiolate precursor may also serve

as a nanosolder. Further, intermittent temperature

treatments may be useful if active elements of desired

resistances (from megaohms to a few ohms) are to be

obtained (see Figure 5b).

EXPERIMENTAL SECTION
The procedure adopted by us for the synthesis of the direct-

write resist is as follows. To 5.0 mmol of Pd(OAc)2 (Sigma Ald-
rich) in toluene (7 mL) was added 5.0 mmol of hexadecylthiol in
toluene (3 mL), and the resulting mixture was stirred vigorously.
Following the reaction, the solution became viscous, and the yel-

low color deepened to orange-yellow. The obtained thiolate
was washed with methanol and acetonitrile to remove excess
thiol and finally dissolved in toluene to obtain a 0.1 mM solu-
tion. For EBL, Si(111) substrates (n-doped, 4 –7 � · cm) were
cleaned by sonicating in acetone and double-distilled water
and dried under flowing argon. The resist film (60 nm thick) was

Figure 5. (a) I�V data of a patterned Pd hexadecylthiolate
nanowire between 40 �m Au gap electrodes on a SiO2(150
nm)/Si substrate subjected to different temperatures (in °C).
At 215 °C, three measurements (lines labeled 215a, 215b,
and 215c) were made within a span of 120 s. The insets show
SEM images of the fabricated circuit. (b) Semilog plot of re-
sistance (at 2 V) versus thermolysis temperature.

Figure 6. SEM images showing (a) thermolyzed Pd nanow-
ires and (b) a large-area pattern (250 � 230 �m2).
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made by spin-coating 30 �L of the Pd thiolate solution at 2000
rpm. EBL was performed using a Nova NanoSEM 600 instrument
(FEI Co., The Netherlands). The electron beam energy employed
for patterning was 5 kV. For nanocircuit fabrication, oxidized Si
wafers with oxide thickness 150 nm were used. Thickness mea-
surements were performed using a Stylus profiler Dektak 6M
(Veeco, USA). Au metal film of 70 nm thickness was thermally de-
posited with a gap of 40 �m between the two electrodes.
Energy-dispersive spectroscopy (EDS) analysis was performed
with an EDAX Genesis instrument (Mahwah, NJ) attached to the
SEM column. The EDS mapping was performed at 10 kV (energy
window, 10 eV) with a beam current of 1.1 nA, the dwell time
per pixel being 30 �s for a horizontal scan width of 30 �m. Trans-
mission electron microscopy (TEM) measurements were carried
out with a JEOL-3010 instrument operating at 300 kV (� � 0.0196
Å) and a camera length 20 cm (calibrated with respect to the
standard polycrystalline Au thin film). Fourier transform infrared
measurements were done using a Bruker IFS66v/s spectrometer
with a resolution of �2 cm�1.
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