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Abstract 

The ability to create metallic patterned nanostructures with excellent control of size, shape 

and spatial orientation is of utmost importance in the construction of next-generation 

electronic and optical devices as well as in other applications such as (bio)sensors, reactive 

surfaces for catalysis, etc. Moreover, development of simple, rapid and low-cost fabrication 

processes of metallic patterned nanostructures is a challenging issue for the incorporation of 

such devices in real market applications. In this contribution, a direct-write method that 

results in highly conducting palladium-based nanopatterned structures without the need of 

applying subsequent curing processes is presented. Spin-coated films of palladium acetate 

were irradiated with an electron beam to produce palladium nanodeposits (PdNDs) with 

controlled size, shape and height. The use of different electron doses was investigated and its 

influence on the PdNDs features determined, namely: (1) thickness of the deposits, (2) atomic 

percentage of palladium content, (3) oxidation state of palladium in the deposit, (4) 

morphology of the sample and grain size of the Pd nanocrystals and (5) resistivity. It has been 

probed that the use of high electron doses, 30000 μC·cm-2 results in the lowest resistivity 

reported to date for PdNDs, namely 145.1 μΩ·cm, which is only one order of magnitude 

higher than metallic palladium. This result paves the way for development of simplified 

lithography processes of nanostructured deposits avoiding subsequent post-treatment steps. 

Keywords: Direct-write process, electron beam, palladium acetate, low-resistance deposits 

 

1. Introduction 

Our future technology largely depends on exploiting 

functional properties of materials conveniently processed and 

patterned with precise spatial orientation as well as desired 

shape and size. However, such processability is particularly 

complicated to achieve in the case of inorganic materials, 

including semiconductors and metals, which are typically 

available in the form of crystals or powders. The academic 

and industrial response to these difficulties has resulted in the 

development of complex optical and electron-beam 

lithography techniques. These methodologies suffer from 
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several drawbacks because they are largely limited to the use 

of planar substrates, rely on the use of resists that may result 

in contaminated nanostructures as well as in undesired 

surface roughness from sputtered metal films. Additionally, 

lithographic techniques involve a multistep protocol, with 

long fabrication times involved, not to mention the rather 

expensive procedures and infrastructure required; these 

methodologies are also error-prone as a result of these 

multiple processing steps. To avoid these cumbersome 

procedures, direct-write approaches have emerged as 

maskless nanopatterning techniques with the capability of 

forming nanostructured materials with a variety of 

geometries at the nanometric scale. In this context, direct-

write processes via FEBIP [1] (focused electron beam 

induced processing) consisting in sample exposure to an 

electron beam represent an advantageous methodology over 

multistep conventional resist lift-off lithographies, [2–6] due 

to the high degree of automation, precise controlled 

operation, nanometer-size resolution facilitated by the use of 

an electron beam, generation of complex 3D architectures 

that standard lithography cannot accomplish, and also the 

possibility of growing nanostructures on non-planar surface 

[7]. The underlying principle of focused electron beam 

induced methodologies is to expose a gaseous precursor 

material to a focused electron beam, in order to decompose 

this material. This results in metal-enriched permanent 2D or 

3D nanostructures [8], whilst volatile fragments are pumped 

away. FEBIP general set up and operating principles have 

been comprehensively described in literature [9, 10] together 

with the promising applications of these deposits in the fields 

of nanoelectronics [11], nanomagnetics [12, 13], photonics 

[7], plasmonics [14, 15], superconductors [16, 17], 

(bio)sensors [18–20], etc. However, one of the main 

challenges associated to this methodology is that precursor 

materials do not fully dissociate under the electron beam. 

The final properties of the deposits are negatively determined 

by the low metal content, which is accompanied by the 

presence of carbon, oxygen and other undesired by-products 

that interfere with good metallic conductivity, constraining 

the otherwise powerful maskless synthesis paradigm of 

FEBIP. In order to circumvent this limitation, several post-

treatment procedures have been explored to improve the 

metal content and remove organic impurities, including in-

situ or ex-situ annealing [21–24], laser-assisted deposition 

and purifications [25, 26], introduction of reactive gases (e. 

g. O2, H2O, NH3) into the chamber during irradiation [27–

30], oxygen plasma cleaning, e-beam curing [31], among 

others [21], albeit with disadvantages such as the reduction 

in the nanostructure volume, morphological or compositional 

variations, or even changes on the electrical behavior [23, 

32–35]. Furthermore, this purification extra step is not only 

time consuming but it also represents an additional expense 

for large-scale manufacturing industries.  

To date, a huge variety of metalorganic precursors 

containing in their chemical structure Au, Ag, Pt, Pd, Ru, Fe, 

Co, W, Ni, Mo, Cr, etc., have been used to fabricate different 

types of nanopatterns, depending on the final application 

they were designed for [21, 36, 37]. These precursor 

materials can be introduced into the microscope (i) by means 

of a Gas Injection System (GIS) resulting in the so-called 

Focused Electron Beam Induced Deposition (FEBID); (ii) as 

a liquid (liquid-phase FEBID) that produces high-purity 

deposits but control of the deposit shape is problematic, (iii) 

but also as a pre-fabricated thin solid film (i.e. using the so-

called direct-write resists which can be processed through 

spin-coating methods).  

Nanopatterning of Pd has attracted considerable interest 

given its properties in catalysis [38, 39] and in hydrogen 

sensor applications [40, 41], as well as its relevant role in 

micro and nanoelectronics [42, 43]. Expressly for palladium, 

different gas phase precursors have been used. Good 

examples include palladium hexafluoroacetylacetone 

[Pd(hfac)2] [22, 44] and (Cp)Pd(allyl) [22]. Narrowing down 

to resist-like or film precursors, Pd nanostructures have been 

fabricated by direct electron beam irradiation from palladium 

alkanethiolate films. For instance, in 2008 Bhuvana et al. 

[42], fabricated Pd nanostructures starting from a spin coated 

film of palladium hexadecylthiolate (Pd(SC16H35)2 using a 5 

kV electron beam at 135 µC·cm-2. The resistivity of these 

direct-write nanopatterns without ex-situ treatments was ca. 

1.68 mΩ·cm and it was only after an extra thermolysis step 

at 230 ºC when a resistivity value of 30 μΩ·cm was 

achieved. Lately in 2010, under similar irradiation 

conditions, B. Radha et al. [45] described the fabrication of 

Pd4S films showing a resistivity of 16.5 μΩ·cm. The starting 

materials to produce patterned structures were palladium 

octanethiolate or palladium hexadecylthiolate spin-coated 

films respectively, but a post-treatment step was also applied, 

consisting in a thermolysis in H2 atmosphere at 250 ºC.  

The trimeric structure of palladium acetate films has been 

reported before as a suitable precursor for nanopatterning 

[46–51]. Films incorporating this organometallic compound 

act as a precursor allowing the direct patterning by electron 

beam irradiation and removal of the unexposed areas by 

simply rinsing the sample. The lowest resistivity values were 

reached by Stark et al. [48], 100 μΩ·cm (4 kV, 1·103 μC·cm-

2 for as-prepared spin-coated film ca. 0.1 μm thick) and 

Reetz et al. [47], 417 μΩ·cm (120 kV and 2·105 μC·cm-2). 

Nonetheless, in both cases these values were obtained from 

nanopatterns exposed to high temperature post-treatments. 

Therefore, there is ongoing interest in the optimization of 

electron beam process conditions that permit fabrication of 

metallic deposits with improved properties, which in turn 

avoid the use of further and complex curing steps. 
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In this work, we extend previous research on the use of 

palladium acetate as an organometallic precursor by 

optimizing the fabrication conditions of palladium 

nanodeposits (PdNDs) through direct electron beam 

irradiation of palladium acetate spin-coated films without 

any subsequent post-treatment process. Figure 1 shows 

schematically the methodology used in this contribution to 

obtain PdNDs. The procedure is remarkably simple and 

consists of three steps: (1) preparation of the spin-coated 

palladium acetate films; (2) irradiation of the films with an 

electron beam and (3) rinse of the sample to remove the non-

irradiated areas revealing the PdNDs. Importantly, by 

optimization of the irradiation parameters (5 kV and 30·103 

μC·cm-2 for as-prepared spin-coated films ca. 0.12 μm in 

thickness) PdNDs with a resistivity of 145.1 μΩ·cm have 

been achieved without subsequent curing steps. This 

resistivity value is remarkably close to the bulk palladium 

resistivity at room temperature, namely 10.5 μΩ·cm [52]. As 

shown in the inset of Figure 1(b), the maximum resolution 

achievable in the growing of these PdNDs is 20 nm (80 nm 

considering the halo) when using an electron dose of 30000 

µC·cm-2. Such a methodology may be relevant not only to 

overcome the drawbacks of post-treatment procedures, but 

also because avoiding heating methodologies or the use of 

reactive gases may open the door to a larger variety of 

substrates for direct-write patterning. Moreover, despite the 

higher dose required in this direct-write technique (compared 

to standard EBL using PMMA resist) the irradiation time is 

limited to approximately 1 minute for 100 µm² deposits and 

furthermore, the metal deposition step is avoided. Therefore, 

the methodology here proposed involves a much shorter time 

than that reported for EBL processes (in the order of hours) 

or direct-write electron irradiation processes followed by 

pros-treatment (with values in the literature in the order of at 

least 5 to 10 minutes). In particular, applications in the field 

of flexible electronics can be envisioned, due to the 

compatibility of flexible substrates with the three steps 

sketched in Figure 1 [53–55]. 

 

Figure 1. (a) Sketch illustrating the fabrication process of the PdNDs at room temperature (RT) designed in this contribution. 

The three steps are: spin-coating of the Pd organometallic film, electron-beam irradiation and removal of the unexposed 

organometallic film. (b) SEM micrographs of PdNDs prepared under the optimized conditions and irradiation dose of 30000 

µC·cm-2. 

2. Materials and methods 

2.1 Organometallic film fabrication 

Palladium (II) acetate trimer, Pd3(OAc)6, was purchased 

from Alfa Aesar and used as received. A fresh 0.09 M 

solution of Pd3(OAc)6 in CHCl3 (CromAR® HPLC) was 

prepared and subsequently filtered through a Nylon filter 

(pore 0.45 µm, 13 mm diameter). Thin films of Pd3(OAc)6 

were prepared onto Si/SiO2 substrates (WS400B-6NPP/LITE 

from Laurell Tech.), which were cleaned by 15-minute 

sonication in acetone followed by 10-minute sonication in 2-

propanol. A spin-coated film was obtained by spreading a 

volume of 10 µL of the Pd3(OAc)6 filtered solution onto a 

freshly cleaned Si/SiO2 substrate. The spin-coating process 

include three sequential steps: (1) 10 s at 3000 rpm, as a 
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solvent removal step; (2) 10 s at 4000 rpm, where the 

solution was dynamically spread and homogeneously 

distributed upon the surface; and (3) 120 s at 10000 rpm for 

film thickness homogenization and final drying. The 

thicknesses of the obtained films were measured in a 

profilometer (KLA-Tencor P-6, Milpitas, CA, USA) 

performing a scratch on the sample unveiling the silicon 

substrate. The average thickness of the as prepared samples 

was 120 ± 21 nm (data obtained from 11 samples equally 

prepared measuring each one at 3 different scratched areas). 

2.2 Palladium nanodeposits (PdNDs) fabrication and 

characterization 

Focused Electron Beam irradiation (FEB irradiation) was 

performed using a Nova NanoLab 200 Dual Beam 

instrument from FEI Company equipped with a vertical 30 

kV field-emission electron column. Patterns of ~ 1500 µm2 

were exposed using an electron beam voltage of 5 kV with 

doses in the 200 - 30000 µC·cm-2 range. After irradiation, 

samples were developed in CHCl3 for 30 s to dissolve the 

unexposed areas, whilst the irradiated regions remained on 

the substrate.  

Current versus voltage (I-V) curves were obtained by 

using a four-probe Kleindiek Nanotechnik system with 

electrical microprobes placed inside a Helios NanoLab 650 

Dual Beam instrument from FEI Company. These 

measurements were done by injecting a DC current through 

the two outer microprobes by means of a 6221 DC current 

source while a 2182A nanovoltmeter was used to measure 

the voltage drop across the two inner microprobes. Keithley 

devices are connected to the microprobes via a chamber 

feedthrough.  

Compositional analysis of the PdNDs was carried out by 

energy-dispersive X-ray spectroscopy (EDS) in an Inspect F-

50 Scanning Electron Microscope (SEM) from FEI Company 

equipped with an INCA 350 detector. These experiments 

were performed in ~ 96 µm2 areas and using an accelerating 

voltage of 5 kV.  

Particle-size characterization and cross-sectional images 

were performed from selected deposits by Transmission 

Electron Microscopy (TEM) and Scanning Transmission 

Electron Microscopy (STEM), respectively in a Tecnai F30 

Microscope from FEI Company, operating at 300 kV. For 

that, lamellae were prepared (PdNDs had been previously 

protected with Pt-FEBID and Pt-FIBID) onto Cu TEM grids. 

PdNDs deposits and pristine films were characterized by 

X-ray photoelectron spectroscopy (XPS) in a Kratos AXIS 

ultraDLD spectrophotometer including a monochromatic Al 

Kα X-ray source (1486.6 eV) with a pass energy of 20 eV. 

The treatment of the spectra and further analysis were 

performed by the CasaXPS v.2.3.15 software, where the 

binding energies have been referenced to the C1s peak at 

284.9 eV. Peak fitting was done by using standard line shape 

GL(30), except for the asymmetric signal associated to 

metallic palladium for which the line shape LA(1.9, 7, 2) was 

applied. 
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Figure 2. (a) Normalized PdNDs thicknesses of exposed areas after development. Data are normalized with respect to the 

as-prepared film thickness. (b) % thickness retention relative to the pristine film thickness. 

 

PdNDs thicknesses after FEB irradiation and CHCl3 

washing step were determined employing the above 

mentioned profilometer and also by using a Multimode 8 

AFM microscope from Bruker operating in ambient air 

conditions and tapping mode. RTESPA-300 cantilevers 

(resonance frequency ≈ 300 kHz, force constant ≈ 40 N·m-1, 

nominal values, ≈ 8 nm radius), purchased from Bruker were 

used. The final thickness of the PdNDs represents a 10–50% 

of the initial film thickness, with this percentage depending 

on the applied electron dose as shown in section 3.  

3. Results and discussions 

Patterned samples were prepared by a maskless, direct-write 

fabrication methodology consisting of three simple 

subsequent steps as indicated in Figure 1(a) and capable of 

defining metal deposits at the nanometer scale. Several 

parameters upon the beam irradiation process have been 

modified to determine how such parameters may influence 

the electrical properties of the patterned films. These studies 

are presented in the following sub-sections. 

3.1 FEB irradiation on a Pd3(OAc)6 film for PdNDs 

fabrication.  

Pd3(OAc)6 films (see the chemical structure of the palladium 

acetate in Figure 1) were decomposed by FEB irradiation in 

ca. 1500 µm2 areas using different electron doses (200, 300, 

400, 500, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 

9000, 10000, 15000, 20000, 25000 and 30000 µC·cm-2, 

Figure 2(a)). The optimized electron beam parameters were 5 

kV of accelerating voltage, 400 pA of current and 1 µs of 

dwell time. Given that the PdNDs were fabricated using as-

prepared spin-coated films with different thicknesses (in the 

90-140 nm range), the PdNDs thickness is presented here in 

terms of normalized thickness, which is defined as the 

PdNDs thickness divided by the as-prepared spin-coated film 

thickness. The PdNDs normalized thickness was found to be 

dependent on the applied electron dose, Figure 2(a). Note 

that in Figure 2(a) all the thicknesses reported are for films 

after irradiation and development. In films where the applied 

electron dose was lower than 500 µC·cm-2 the irradiated 

areas were removed during the development step (zero 

thickness), due to an insufficient electron dose to decompose 

and change the solubility of the Pd3(OAc)6 film. In contrast, 
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Figure 3. (a) I-V curves showing the linear dependence for electron doses from 5000 to 30000 µC·cm-2. (b) Measured 

resistivity as a function of the applied electron dose. 

film areas exposed to higher doses (> 500 µC·cm-2) were 

sufficiently decomposed to become insoluble in the 

developing agent and therefore, they remained as PdNDs on 

the Si/SiO2 surface after the washing step. For doses larger 

than the critical 500 µC·cm-2 value but below 2000 µC·cm-2, 

the predominant mechanism is the decomposition of the 

organometallic film and subsequent decrease in the film 

solubility, i.e., an increase in the film thickness after 

irradiation is observed, Figure 2(a). Irradiations above 2000 

µC·cm-2 result in a decrease in the film thickness due to 

elimination of volatile compounds accompanied by a 

densification of the film. Figure 2(b) illustrates the film 

thickness evolution upon increasing the applied dose for a 90 

nm-thick sample. For instance, a dose of 2000 µC·cm-2 

results in a 54% thickness reduction, whilst a higher dose of 

30000 µC·cm-2, leads to a thickness reduction of ca. 90%, 

yielding deposits with a thickness of ca. 10 nm. Figure 2(b) 

depictures the percentage of retention of the film thickness 

with the applied electron dose, where a drastic decrease in 

the thickness of the films is observed between 2000 and 8000 

µC·cm-2, after which the thickness of the film decreases 

much more slowly with increasing irradiation doses. 

3.2. Four-probe technique for electrical measurements 

 

Current versus voltage (I-V) curves were recorded by 

using a four-probe technique at room temperature from 

which the electrical resistivity of the PdNDs was obtained. 

These electrical measurements were performed for deposits 

fabricated with electron doses ranging from 500 up to 30000 

µC·cm-2, Figure 3(a). Deposits fabricated with electron doses 

lower than 5000 µC·cm-2 do not exhibit a linear I-V 

dependence (data not shown in Figure 3(a) for clarifying 

purposes). In contrast, those grown under electron doses 

higher or equal to 5000 µC·cm-2 show a linear I-V 

dependence, Figure 3(a), as expected for an ohmic 

behaviour. The electrical resistance was obtained from the 

linear fits in the I-V plot. By combining the electrical 

resistance together with the thickness, the width and length 

of the PdND, the electrical resistivity was determined and 

represented as a function of the electron dose, Figure 3(b). 

The electrical resistivity of the PdNDs is considerably 

reduced upon increasing the electron dose. Resistivity values 

lower than 1000 µΩ·cm are achieved for doses higher than  

9000 µC·cm-2. Remarkably, values as low as 145 µΩ·cm, 

(only one order of magnitude higher than bulk metallic 

palladium, 10.5 μΩ·cm) were obtained for PdNDs fabricated 

by applying an electron dose of 30000 µC·cm-2.  

The analysis of the electrical properties here shown 

reveals that samples irradiated with an electron dose in the 

500-4000 µC·cm-2 range have a rather low conductance and 

a non-linear behaviour albeit these irradiation doses are 

enough to turn the irradiated palladium acetate insoluble in 

the developing organic solvent. Such a result could open the 

way to the fabrication of patterned surfaces composed of 

insulating and conducting nearby regions by just applying 

different electron doses to the selected areas of the sample. 
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3.3. Compositional analysis by EDS 
 

In order to determine whether there is a correlation between 

the electrical resistivity of the measured PdNDs and their 

atomic content, a semiquantitative compositional analysis 

was performed by using energy-dispersive X-ray 

spectroscopy (EDS) in areas of ~ 96 µm2, Figure 4(b). The 

atomic percentages of Pd, C and O for the irradiated samples 

in the range from 500 to 30000 µC·cm-2 are represented in 

Figure 4(a). This plot shows an increase in the Pd% atomic 

content as the electron dose rises up to 5000 µC·cm-2. Higher 

doses do not result in a further increase of the global Pd% 

atomic content, which remains practically constant with a 

value of ca. 40 ± 5% at. As indicated above, the non-linear 

behaviour in I-V plots is observed for electron doses lower 

than 4000 µC·cm-2, which accordingly to Figure 4 

corresponds to deposits where the Pd% atomic content is 

lower than 32%. On the other hand, the fill factor calculated 

from Figure 4(b) - employing the ImageJ 1.53 k V 1.8.0_172 

program -is 77.3%. One of the main disadvantages of 

pinholes could be a very high electrical resistivity but in this 

case, this has been ruled out due to the values around 145  

cm obtained for the highest doses. 

3.4. Palladium oxidation state study by XPS 

Figure 4(a) shows the % atomic content of Pd, but the EDS 

analysis does not provide any information about the 

oxidation state of Pd. This fact together with the observation 

of a drastic decrease in the electrical resistivity of PdNDs as 

the electron dose is increased above 5000 µC·cm-2, Figure 

3(b) - despite these deposits exhibit a similar Pd% atomic 

content - prompted us to obtain additional information

 

Figure 4. (a) Atomic percentages of palladium, carbon and oxygen in PdNDs irradiated with electron doses in the 500 to 

30000 µC·cm-2 range. (b) SEM micrograph of a PdND fabricated at 30000 µC·cm-2. EDS studied area marked in pink. 

 

through an X-ray Photoelectron Spectroscopy (XPS) analysis 

of the PdNDs. The decrease of electrical resistivity with the 

electron dose could be explained by an increase in the 

presence of metallic palladium, Pd0. Thus, XPS is used here 

to identify the chemical oxidation state of the palladium 

present in the sample. For simplifying and comparison 

purposes, the data results presented henceforward will refer 

to PdNDs fabricated by applying doses of 5000 and 30000 

µC·cm-2. Figure 5(a) shows the XPS Pd 3d region spectra 

for: (I) the powder compound Pd3(OAc)6; (II) the as-prepared 

spin-coated film; and (III and IV) two PdNDs (areas of 110 

µm2) fabricated under electron doses of 5000 and 30000 

µC·cm-2, respectively. Concerning the spectra of the 

Pd3(OAc)6 powder and as-prepared film, there is a main peak 

at 338.5 eV (spectrum I) and 338.4 eV (spectrum I) attributed 

to Pd2+ 3d5/2 [56–59]. In both cases a small contribution (~6-

7% area) of PdO/PdOx 3d5/2 appears at 336.8, which is 

attributed here to the presence of palladium oxides in the 

powder compound. Importantly, a comparison of spectrum I 
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and II shows no meaningful variations between the powder 

and the as prepared spin-coated film. This result indicates 

that the palladium oxidation state is not affected upon the 

spin-coating film fabrication process. In contrast, the XPS 

spectra of the PdNDs changes dramatically upon irradiation. 

PdNDs fabricated using an electron dose of 5000 µC·cm-2, 

Figures 5.(a.III) and 5(b), show a reduction in the Pd2+% 

content from 88% in the as prepared spin-coated film to 

51.5% after irradiation. This phenomenon is accompanied by 

a subsequent increase in the content of palladium oxides, 

carbides and small clusters formed on account of 

decomposition of the starting organometallic compound [60], 

peaks at 337.2 (3d5/2) and 342.3 eV (3d3/2). This result 

together with the I-V curve for PdNDs obtained by applying 

an electron dose of 5000 µC·cm-2 (Figure 3.a) suggest that 

these FEB irradiation conditions to the as-prepared spin-

coated film results in stable PdNDs exhibiting a non-metallic 

conduction [61]. In contrast, when a dose of 30000 µC·cm-2 

is used for the PdNDs fabrication, Figure 5(a.IV), the 

electron irradiation results in reduction of Pd2+ to Pd0. In this 

case, the quantification of the peaks at 335.9 eV (3d5/2) and 

341.2 eV (3d3/2) indicates that 64.5% of palladium in the 

sample is Pd0, whilst the peaks at 338.2 and 343.3 eV, 

correspond to the 3d5/2 and 3d3/2 of remaining Pd2+, 

respectively. In conclusion, the XPS study here presented 

indicates that irradiation of the as-prepared spin-coated films 

with the highest electron dose (30000 µC·cm-2) results in 

reduction of Pd2+ into Pd0, i.e., metallic palladium, 

explaining why the measured resistivity is two orders of 

magnitude lower compared to the 5000 µC·cm-2 electron 

dose, Figure 5(b) and Figure 3(b). A similar increase in the 

Pd0 proportion was previously observed by XPS, but only 

after annealing the sample at high temperatures [62]. Thus, 

by using the fabrication methodology here presented it is 

possible to directly obtain PdNDs in which more than the

 

Figure 5. (a) XPS spectra for the indicated samples recorded for the Pd 3d and the correspondent peak deconvolution. (b) Left 

Y axis: % Pd content based on the % area corresponding the Pd 3d5/2 peak for each chemical Pd oxidation state at each 

sample. Right Y axis: measured resistivity for PdNDs prepared using electron doses of 5000 and 30000 µC·cm-2. 
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64% of the palladium is metallic palladium, which in 

addition exhibits a rather low resistivity without the further 

need of a thermal post-treatment or other additional steps. 

3.5. Structural and compositional analysis of PdNDs by 

TEM 

Additional experiments in a Tecnai F30 microscope were 

carried out in PdNDs grown with electron doses of 5000 and 

30000 µC·cm-2 to better understand their difference in 

electrical resistivity. For that, cross-sectional lamellae of the 

selected samples deposited onto Si/SiO2 substrates were 

prepared and subsequently attached to TEM Cu grids for 

their analysis. On the other hand, size and morphological 

information was investigated in TEM mode operating at 300 

kV. TEM micrographs, shown in Figure 6(a) and 6(b), reveal 

that particle size increases with increasing electron dose. 

This larger particle size is attributed to particle 

agglomeration, which facilitates the passage of the electrical 

current from some particles to others leading to a lower 

electrical resistivity. Particle agglomeration is tentatively 

attributed here to annealing effects at high electron doses 

since elevated temperatures favour the migration of atoms, 

which results in formation of larger grains and an increase in 

the crystalline quality of the films [63, 64]. Similarly, 

previous work on Pt deposits grown by FEBID has shown 

that post-growth electron irradiation produces an increase in 

the grain size and a decrease in the electrical resistivity [65]. 

Additionally, High-Angle Annular Dark Field (HAADF) 

images were obtained in STEM mode operating at 300 kV. 

HAADF images, shown in Figures 6(c) and 6(d), indicate

 

Figure 6. (a, b) Some particle size measurements in TEM micrographs of PdNDs grown with an electron dose of 5000 and 

30000 µC·cm-2, respectively. (c, d) HAADF-STEM images of PdNDs grown with an electron dose of 5000 and 30000 

µC·cm-2, respectively. EDS results carried out in three different areas are also presented (red boxes). 
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that PdNDs exhibit a homogeneous thickness and low 

roughness. On the other hand, the atomic composition was 

investigated by EDS in STEM mode in three selected areas 

from bottom to top, as indicated in red squares in Figures 

6(c) and (d). As indicated in the inset table in Figure 6, the 

palladium content remains roughly constant with values of 

31% for 5000 µC·cm-2 and 35% for 30000 µC·cm-2, which is 

in excellent agreement with the EDS results obtained in the 

SEM (section 3.3). If one combines the results shown above, 

it can be concluded that the electron beam, which is 

primarily utilized for decomposition of the palladium acetate 

and subsequent PdNDs deposition, plays an additional role in 

the growth process: high electron doses also result in a 

curing process of the PdNDs promoting the reduction of 

oxidized palladium to metallic palladium. This curing 

process may be attributed to two effects. On the one hand, a 

thermal annealing of the sample – induced by the energy 

provided by high electron doses – which may result in 

additional cracking of precursor molecules [31]. On the other 

hand, the electron beam may lead to a direct electron-

stimulated reduction of the higher oxidation states of 

palladium to Pd0 with subsequent oxidation of carbonaceous 

species [34, 66, 67]. These phenomena are accompanied by a 

densification of the sample (decrease in the thickness of the 

deposits) as well as agglomeration of palladium particles, 

with the subsequent decrease in the resistivity of the sample 

as compared to PdNDs fabricated at low electron doses. 

4. Conclusions 

Needless to say, the most convenient process for generation 

of patterned metal nanodeposits would consist in a single-

step process. Here, we have presented a direct-write maskless 

technique consisting in the electron beam irradiation of a 

palladium acetate spin-coated film, which results in enriched 

metallic Pd nanostructures with low resistivity values that do 

not require subsequent curing processes. In particular, 

systematic experimental parameters were investigated to 

demonstrate the potential of using high electron doses to 

obtain PdNDs exhibiting a low resistivity, only one order of 

magnitude higher than pure bulk palladium. In addition, this 

direct-write protocol has been proven to be reproducible, 

simple, and effective. The working mechanism of the direct 

patterning process is tentatively ascribed to the local heating 

due to the electron beam interaction with matter together 

with the electron-induced reduction of Pd2+ to Pd0. 

Importantly, despite the post-growth annealing of deposits 

fabricated with electron beam irradiations has been widely 

used in the literature for tuning the metal content of the 

patterned samples, the methodology here presented, with the 

application of high electron doses, has been proven as an 

efficient tool to avoid multiple processing steps. Moreover, 

the combined application of low and high electron doses to 

different areas in the as-prepared spin-coated films allows the 

fabrication of patterned structures with well-defined 

insulating and conducting domains. In summary, the low 

thickness value, homogeneity, and the highly defined profile 

achieved for these nanodeposits together with their low 

resistivity empower the use of this direct-write technology 

for its use in nanoelectronics, molecular electronics, and 

other applications including the construction of arrays of 

nanoelectrodes, nanopatterned catalytic surfaces, etc. 

Currently, we are exploring specific applications of this 

methodology in the field of nanoelectronics (e.g. contact and 

determination of electrical properties of nanowires).  
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