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Abstract

The purity of nanomaterials fabricated by focused electron beam induced deposition (FEBID) is often 

not high enough for the desired application. For instance, large amounts of carbon incorporated into the 

deposits deteriorate their electrical conductivity. Such impurities stem from incomplete electron-induced 

fragmentation of the applied precursors. Except for nanomaterials containing the most noble and thus 

oxidation-resistant metals, deposits cannot be purified by harsh post-processing steps like O2 treatment 

and excessive thermal annealing is detrimental to the desired shape fidelity. Milder purification 

protocols based on electron irradiation in presence of H2O vapor have thus been developed and it was 

demonstrated that they yield pure Pt and Au deposits. Herein, we report on the application of such a 

water-assisted purification strategy to deposits produced from the FEBID precursor 

bis(ethylcyclopentadienyl)ruthenium(II) ((EtCp)2Ru). Such Ru nanomaterials are relevant to the repair 

of masks for extreme ultraviolet lithography. In contrast to noble metals, where higher doses lead to 

higher purity, and contrary to purification using O2 that is accompanied by a continuous increase of the 

oxygen content, we here demonstrate the existence of an ideal purification dose for Ru-based FEBID 

materials, where oxidation is kept at a minimum while carbon is effectively removed from the deposits. 

In addition, a complementary surface study under ultrahigh vacuum conditions provides insight in the 

chemistry that transforms the carbonaceous contamination to CO. The results provide evidence that 

water-assisted purification can be applied to a wider range of FEBID deposits also including those 

containing Ru as an example of a less noble metal.

Keywords

Focused electron beam induced deposition, ruthenium nanostructures, deposit purification, carbon 

removal, water-assisted process, electron-induced chemistry, surface science study
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1. Introduction

Focused Electron Beam Induced Deposition (FEBID) is a direct-write technique to fabricate 

nanostructures by decomposing suitable precursor molecules under the well-focused high energy 

electron beam of an electron microscope.1-5 For FEBID of metallic structures, organometallic precursors 

are employed. These must fulfil several requirements, the most important being (i) sufficient volatility 

to allow dosing of the precursor via the gas phase and (ii) low stability under electron exposure to enable 

complete removal of the organic components of the precursor. Extensive research has addressed the 

search for an “ideal” FEBID precursor that exhibits both properties and many candidates have already 

been studied.1-7 Also, a substantial catalogue of precursors tailored for Chemical Vapor Deposition 

(CVD)8 or Atomic Layer Deposition (ALD)9,10 processes relying on thermal chemistry is readily 

available. Unfortunately, however, volatility and fragility under electron exposure do not necessarily go 

hand in hand. Contrariwise, precursor molecules containing large organic ligands are often highly 

volatile but their organic ligands tend to be difficult to remove by mere electron irradiation.1,11 Unwanted 

side reactions such as oligomerization are likely to occur.12 Carbon-free precursors, on the other hand, 

avoid carbonaceous contamination on the surface but often exhibit insufficient vapor pressure or lead to 

inorganic residues in the deposit.13,14

Although carbonaceous FEBID deposits have applications such as humidity15 or strain16 sensing, high 

purity materials are essential for most applications in which, for instance, electrical conductivity is 

required. Hence, substantial effort has been made to increase deposit purity by applying external stimuli 

to the as-deposited FEBID structures such as prolonged electron exposure,17 thermal treatment18 or the 

application of process gases like oxygen which can remove carbon contaminations by oxidation.19-21 

Recently, H2O vapour has been applied as a particularly successful purification agent under prolonged 

electron irradiation as proven for highly contaminated deposits produced from 

trimethyl(methylcyclopentadienyl)platinum(IV) (MeCpPtMe3),22 a widely applied FEBID precursor for 

Pt deposition with favourable vapor pressure. Unfortunately, MeCpPtMe3 leads to incorporation of 

extensive amounts of carbon in the deposits. However, it was shown that pure and densely-packed Pt 

deposits can be obtained by water-assisted purification and their shapes remained stable throughout the 
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purification procedure.22 The same procedure was successfully applied to 2D as well as for freestanding 

3D FEBID materials produced from Me2Au(acac), resulting in plasmonically active nanostructures.23 In 

a similar purification approach, simultaneous dosing of Me2Au(tfac) and H2O during FEBID also 

resulted in deposits with high Au content.24

Herein, we demonstrate that a water-assisted post-deposition purification protocol can be applied to 

FEBID deposits produced from the Ru precursor bis(ethylcyclopentadienyl)ruthenium(II) ((EtCp)2Ru, 

Figure 1). (EtCp)2Ru has been considered before as an appropriate precursor for deposition of 

ruthenium(IV) oxide (RuO2) and even pure ruthenium by FEBID25 being highly relevant as thin Ru or 

RuO2 capping layers in the context of Extreme Ultraviolet lithography (EUVL).26-30 In brief, EUVL 

mask repair of Ru-based capping layers via FEBID calls for processes, which produce material with a 

very low carbon content. We note that, as an alternative to (EtCp)2Ru, η3-allyl ruthenium tricarbonyl 

halides [(η3-C3H5)Ru(CO)3X] (X = Cl, Br) and have been proposed as a novel class of Ru precursors.31-35 

Very recently, also Ru(CO)4I2 was brought forward as a precursor for electron-induced deposition of Ru 

material with low carbon content.36 Electron irradiation efficiently removes CO from these compounds 

resulting in a lower amount of carbon residues in the deposit but at the cost of halide contamination that 

can only be reduced by extensive electron exposures.32 Therefore, the use of (EtCp)2Ru as a FEBID 

precursor for Ru deposition is still of fundamental interest given that suitable processing conditions can 

be identified that yield carbon-free Ru deposits with high-fidelity morphologies within conveniently 

applicable timeframes. Noh et al. demonstrated carbon removal from (EtCp)2Ru deposits with an initial 

elemental ratio of RuC9 by the aid of O2 as purifying agent, while typical morphological disruption by 

means of pinhole- / crack-formation could be reduced by lowering the temperature of the reactive gas 

down to 25 °C.25
 In contrast, the application of room temperature H2O as reactive gas has been 

demonstrated to be much more suited22-24 due to high purification efficiencies, minor implications on 

the morphology and comparably simple technical implementation via environmental scanning electron 

microscopes (ESEM). Together with the proven ability of H2O to prevent oxidation during Ru ALD,37 

water assisted electron beam purification is a highly promising concept towards pure, FEBID based Ru 

materials as borderline representative between noble and transition metals, that readily dissociate H2O 

and tend to form oxides.38
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Based on that motivation, this study focuses on the evolution during post-growth purification of FEBID 

structures fabricated from (EtCp)2Ru. The purification process is explored via morphological, chemical 

and structural analyses and complemented by surface science experiments performed under ultrahigh 

vacuum (UHV) conditions. The study starts with dose dependent volume-loss measurements via atomic 

force microscopy (AFM) followed by chemical analyses using electron-based energy-dispersive X-ray 

spectroscopy (EDX) by in situ and ex situ measurements and imaging of structural details via 

transmission electron microscopy (TEM). In the second part, the study employs surface science model 

experiments, that monitor deposition and purification in highly pure environments to reduce unwanted 

reactions to the technically possible minimum. By using a previously validated approach for FEBID 

materials,39 volatile products evolving from the deposit under electron irradiation and thermal treatment 

are monitored by mass spectrometry (MS), while the progress of deposit purification can be deduced 

from Auger electron spectroscopy (AES). The study reveals two electron driven processes in H2O 

environments, whose balance changes with the applied dose. While carbon removal initially dominates, 

oxidation sets in at very low carbon contents, revealing that careful dosing during purification enables 

the fabrication of Ru materials with low carbon content and, at the same time, minimal degree of 

oxidation. This is in clear contrast to the earlier O2-based process for carbon removal that is accompanied 

by a continuous increase in the oxygen content of the deposit.25 The experimental results are 

complemented by a model to explain the chemical reactions during H2O assisted electron beam 

purification of (EtCp)2Ru based FEBID materials.

CH3

Ru

CH3

Figure 1. Molecular structure of bis(ethylcyclopentadienyl)ruthenium(II) (EtCp)2Ru.
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2. Experimental section

2.1. Precursor

(EtCp)2Ru was purchased from STREM Chemicals in a stated purity of 98% (99.9% Ru) and was used 

without further purification. For each FEBID experiment, the precursor was freshly filled into the Gas 

Injection System (GIS) and stored at -20° C in between different days of deposition. 

For the surface studies, the precursor was degassed by repeated freeze-pump-thaw cycles and kept under 

vacuum throughout all experiments.

2.2. FEBID, water-assisted purification and deposit analysis

Fabrication. 500 x 500 nm² pads were deposited in a FEI Quanta 3D FEG (FEI Company, The 

Netherlands) dual beam microscope (DBM) on Si substrates (with 3 nm thermal SiO2)22 using the 

(EtCp)2Ru precursor. The DBM consists of an ESEM and a focused ion beam (FIB) microscope. For 

deposition, the standard FEI GIS was employed with the nozzle placed in a vertical distance of 100 µm 

to the substrate at an angle of 52°, 25 µm off-axis and a projected distance to the beam centre of 110 µm. 

The GIS temperature was set to 50°C in accordance to the literature procedure25 and deposition was 

carried out at a pressure of approximately 1.6 x 10-6 mbar (base pressure: 9.5 x 10-7 mbar). For 

deposition, a serpentine scan strategy was chosen with a primary beam energy of 5 keV, a beam current 

of 58 pA, 10 µs dwell time (DT) and 13 nm point pitch (PoP). This choice of parameters is in accordance 

to optimized conditions with respect to surface morphology as reported in reference.40 The thickness of 

the deposited pads was controlled by varying the number of passes.

Purification. Purification was performed in situ in the DBM in low pressure (LP) mode at a H2O partial 

pressure of 50 Pa. RuC9
25 pads were purified with a primary beam energy of 5 keV, a beam current of 

5.6 nA, 1 µs DT and 4 nm PoP in accordance with successful purification conditions as applied to 

deposits made from MeCpPtMe3.22 The purification frames of 2000 x 2000 nm² were centred on the 500 

x 500 nm² deposits. The beam current under the present conditions was determined with a Faraday cup.

Characterization. AFM measurements were conducted with a FastScan Bio AFM microscope in 

tapping mode employing AFM tips with spring constants of 17 N/m (FASTSCAN-A, Bruker NANO, 
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CA, USA) in soft repulsive conditions. Analyses were done with the software packages Nanoscope 

Analysis 1.8 (Bruker NANO, CA, USA) and Gwyddion 2.53. To provide comparability of surface 

roughness, analyses was always performed across 252 x 252 nm² areas in the centre of each pad, which 

excludes deposition regime related morphology effects at edges and corners.40 EDX was performed at a 

beam energy of 5 keV either in situ with an EDAX XL-30 EDX system (EDAX, USA) installed at the 

DBM (high vacuum (HV) conditions) and a beam current of 20 nA, or ex situ with an EDAX Element 

EDS System (EDAX, USA) on a Quanta 600 FEG ESEM microscope (FEI Company, The Netherlands) 

with a beam current of 0.6 nA. For dose dependent analyses, we always integrated the counts for the 

following ranges to derive individual intensities: (low energy range, L) 0.14-0.34 keV (C and Ru 

overlapping), (medium energy range, M) 0.36-0.60 keV (O) and (high energy range, H) 2.4-3.2 keV 

(Ru). A sputter-cleaned Ru standard (ASTIMEX Scientific Limited; 99,9% wire Goodfellow Inc., UK) 

was used as reference sample.

Transmission Electron Microscopy. For transmission electron microscopy (TEM) characterization, 

(EtCp)2Ru deposits were fabricated with initial heights of 85 nm on the same Si substrates using the 

above described general parameters for deposition and purification. Purification was executed with 

doses of 6 C/cm², 12 C/cm² and 30 C/cm². The purified deposits were then covered with a FEBID based 

Pt-C protection layer (MeCpPtMe3 precursor in the as deposited state) and subjected to a careful lamella 

preparation via Ga+ FIB standard protocols. As oxidation at lamella surfaces is unavoidable during 

DBM-TEM transfer, the lamellas were not thinned below 80 nm to keep surface-to-volume ratio low. 

After DBM-TEM transfer the samples were immediately characterized by a FEI Tecnai TF 20 (FEI 

Company, The Netherlands), equipped with a Schottky emitter operated at 200 kV. Image analyses were 

performed via the software package Digital Micrograph GMS 3 and ImageJ 1.52p.

2.3. Surface study under UHV conditions

Surface model studies on the electron-induced decomposition of (EtCp)2Ru and deposit purification 

were carried out in a UHV apparatus operated at a base pressure of approximately 10-10 mbar.39 The 

setup consists of two chambers between which a polycrystalline Ta sheet can be translated. This 

substrate with a total area of 5 cm² exposed to the electron beam is mounted on a copper sample holder 
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attached to a liquid N2 bath cryostat, allowing for cooling to about 110 K. The bottom chamber contains 

a quadrupole mass spectrometer (QMS, SRS RGA 300) and a commercial flood gun (SPECS FG 15/40) 

for electron exposure arranged at an angle of 60° with respect to each other and 30° with respect to the 

substrate. The electron gun generates an electron beam with adjustable energy (E0 = 1-500 eV) and an 

energy resolution in the range of 0.5-1 eV with current densities set in the range 10-30 µA/cm². 

Furthermore, a stainless-steel capillary pointing towards the substrate is connected to a gas handling 

manifold from which vapours can be introduced to the chamber. The top chamber contains an AES 

(Staib DESA 100 equipped with a high-energy electron gun and a cylindrical mirror analyser (CMA)) 

to monitor the condition of the substrate in terms of elemental composition and an ion gun utilized to 

sputter-clean the substrate before each experiment with Ar+ ions at an incident energy of 3 keV. The 

substrate was considered to be ready for a new experiment when the Ta signals were clearly visible in 

AES. Moreover, volatile residues adsorbed on the substrate were removed by annealing to 450 K which 

was conducted using resistive heating through two thin Ta ribbons spot-welded to the Ta sheet.

Adsorption of (EtCp)2Ru and H2O on the substrate was achieved by leaking substance vapour from the 

calibrated volume of a gas handling manifold to the cooled Ta sheet. The amount of substance that was 

dosed was monitored as the pressure drop in the manifold upon leaking as measured by a capacitance 

manometer. The thickness of the adsorbed precursor layer was estimated by dosing amounts of vapor 

corresponding to different pressure drops in the gas handling manifold and subsequently performing a 

thermal desorption experiment (see below). The integral of the precursor’s desorption signal (Supporting 

Information, Figure S1) is proportional to the amount of substance on the substrate. As a result, the 

transition from monolayer to multilayer coverage for (EtCp)2Ru occurred in the pressure drop range 

0.20-0.30 mTorr. Precursor doses used in the experiments corresponded to a pressure drop of 4.0 mTorr, 

so that the film thickness can be estimated as 13-20 monolayers (ML).

Desorption experiments, i.e. electron-stimulated desorption (ESD), thermal desorption spectrometry 

(TDS) and isothermal desorption spectrometry (IDS) were conducted using the QMS operated either in 

full mass scan mode or recording selected masses over time. TDS was performed by applying a constant 

temperature ramp of 1 K/s through resistive heating to the substrate while simultaneously monitoring 
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9

gas phase composition by QMS. ESD and IDS were conducted at constant temperature (110 K) with or 

without exposing the substrate to electrons, respectively, while recording mass spectra.

AES was typically performed at an excitation electron energy of 5 keV using pulse counting collection 

mode. Spectra were recorded under fixed retarding ratio (FRR) conditions at a variable energy resolution 

of dE/E = 0.6%. Typical beam currents were in the order of 2-3 µA. The obtained AE spectra were 

subjected to a baseline correction employing an Asymmetric Least Squares Smoothing (ALS) algorithm 

and subsequently the first derivative dN/dE with respect to the kinetic energy was numerically calculated 

and afterwards smoothed by a Savitzky-Golay filter of 9 eV bandwidth. Quantification was performed 

employing Peak-to-Peak (PtP) heights which were corrected for the specific sensitivity factors of 

relevant elements.41

3. Results and discussion

3.1. FEBID, water-assisted purification, and deposit analysis

3.1.1. Deposit formation

(EtCp)2Ru deposits were fabricated with 5 keV/58 pA (see Section 2.2. for patterning details) with a 

deposit footprint area of 500×500 nm2. AFM assisted pre-experiments revealed i) a nearly linear height 

increase with the number of passes (Supporting Information, Figure S2) and ii) a high reproducibility, 

as reflected by less than 1 nm height variation for 25 produced square deposits with a target height of 

50 nm (Supporting Information, Figure S3). Unless otherwise stated, we chose a target height of 120 nm 

for all deposits. The actual thickness of individual samples was determined from AFM data as reported 

below.
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10

3.1.2. Deposit purification

Ruthenium has a higher susceptibility towards reaction with H2O or oxygen than e.g. Pt or Au.38 

Therefore and in contrast to our previous studies on deposits made from MeCpPtMe3
22 and 

Me2Au(acac),23 the water-assisted purification of deposits fabricated from (EtCp)2Ru was studied in 

situ, i.e., without exposing the deposits to ambient conditions in between deposition and purification. 

This novel in situ purification procedure is enabled by a microscope with low pressure (LP) capability 

and excludes any uncontrolled contribution of atmospheric O2. Furthermore, we compare the results 

obtained by this novel procedure to a sample purified by the established ex situ purification protocol 

involving sample transfer between FIB and ESEM microscope under ambient conditions.22 This allows 

us to evaluate the sensitivity of the deposits produced from (EtCp)2Ru towards handling in air.

Morphology and Shape Fidelity. The choice of purification parameters was guided by previous water-

assisted purification experiments.22 The beam energy was fixed to 5 keV to enable sufficient penetration 

of the 120 nm thick deposits, prerequisite to achieve full purification (see simulations in Supporting 

Information, Figure S4 and S5). The beam current was set to 5.6 nA without further adaption as 

purification rates were found to be high, while surface morphologies were not disrupted at all (details 

see later).22 The H2O partial pressure was fixed to 50 Pa since for purification of deposits from 

MeCpPtMe3
22 and Me2Au(acac),23 the morphological and compositional results were widely 

independent of the H2O pressure in a range of 10-100 Pa, indicative of a process rather limited by 

electron flux than mass transport.22 The purification dose was then systematically varied between 1 and 

200 C/cm², while morphological and chemical implications were studied.
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Figure 2. (a) and (b) show 3D AFM height images of a Ru based FEBID deposit before and after a 

100 C/cm2 purification, respectively. While vertical scaling is identical for direct comparison, colors 

were adjusted to visualize relevant surface details and in particular the crack-free shape fidelity. (c) and 

(d) show the dose dependent evolution of deposit heights and RMS surface roughness, respectively. 

Both quantitites are derived from central deposit areas as specified within the graphs. Note the 

logarithmic abscissa (dose) to reveal the ealy stage behavior. For clarity, only four error bars are shown 

in (d). Discussion and interpretation can be found in the main text.

Figure 2 shows an AFM based, in-scale comparison of a 500×500 nm² deposit before (a) and after 

purification with a dose of 100 C/cm² (b). All deposits revealed concave top morphologies as 

consequence of the local working regime.40 Thus, height values were averaged from 50×50 nm2 wide 

regions at the center. We also want to mention the distinct proximity deposition outside the intended 

Page 11 of 46

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

500×500 nm² footprint (confirmed via cross-sectional TEM), which mainly originates from substrate-

related backscattered electrons.42 Figure 2(c) shows the typical dose dependent height decrease, which 

reveals four different stages as indicated on top: (1) no height losses up to about 5 C/cm², (2) fast height 

loss down to about 25% of the initial height after 10–20 C/cm², (3) slow additional height loss down to 

10% after ~100 C/cm² and (4) weak height increase for doses > 100 C/cm². At this point it is essential 

to mention that volume losses mainly proceeded via height loss instead of lateral shrinkage which is 

always less than 1% of the structure size. Beside the advantage of footprint retention, this purification 

approach was demonstrated to qualitatively maintain 3D shapes, while surfaces were found to be crack- 

and pore-free during AFM analyses.22,23 To evaluate whether that also holds for (EtCp)2Ru based FEBID 

deposits, high-resolution AFM was conducted on differently purified deposits. Figure 2(d) summarizes 

the dose-dependent RMS roughness evolution, taken from of 252×252 nm2 wide areas in the deposit 

center. As evident, there are also 4 stages in good agreement with the height loss: (1) constant RMS 

roughness and deposit height, (2) fast decrease, (3) slow decrease and (4) slow increase. We note that 

the slightly increasing values between 10 C/cm2 and 40 C/cm2 must be taken with caution when 

considering the four representative error bars. Also, the absolute values should be kept in mind, which 

indicate nanometer smooth surfaces without pores or cracks, as further substantiated by high-resolution 

SEM images (Supporting Information, Figure S6). The same AFM study also revealed that individual 

surface features, such as elevated edges and corners, are qualitatively well maintained (Supporting 

Information, Figure S7). The combined AFM results underline the morphology-preserving character of 

the H2O-assisted electron beam purification as observed for Pt- and Au-based FEBID materials.

Chemical Composition. Figure 3(a) summarizes background corrected EDX spectra, which were 

acquired in situ in the same machine after different purification doses as specified in the figure caption. 

The shaded regions indicate characteristic peaks relating to Ru-L and Ru-L (green), Si-Ka (grey) and 

O-K (blue). The red shaded region is of particular relevance as carbon’s C-K and ruthenium’s Ru-M 

edge overlap here. The latter is shown in detail in Figure 3(b), where the peak for as deposited materials 

(green) agrees with the expected carbon position, which reflects the high carbon content. During 
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purification, the intensity decays and reveals a shift of its maxima towards the expected Ru-M position 

(purple), while a C-K shoulder is barely recognizable. This clearly indicates the transfer from a C-

dominated into a Ru-dominated material, representative of the intended carbon removal. Figure 3(c) and 

(d) also show individual spectra related to O and Ru with the Si-SiO2 substrate spectra included as black 

dotted curves.

Figure 3. (a) in situ EDX spectra obtained after initial fabrication and different purification doses (see 

legend) without breaking the vacuum to exclude reactions with gases from the ambient. The shaded 

regions indicate characteristic peaks of different elements, which are shown in more detail in (b), (c) 

and (d), further denoted as region L, M and H, respectively.

A reliable quantification of light elements (C, O) via EDX is challenging, especially when measured on 

thin films, where X-rays are emitted from the substrate as well. The situation is even more complicated 

when relevant peaks are overlapping, which is the case here for carbon (C-Kα) and ruthenium (Ru-M), 

as indicated in Figure 3(b). We therefore follow our previous approach22,23 by calculating background 

corrected integrated peak intensities as described in Section 2.2 for the convoluted low energy range as 
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shown in Figure 3(b) and relate that to the integrated peak intensity of the Ru high energy range shown 

in Figure 3(d), further denoted as ranges L and H, respectively. As fully metallic reference, EDX was 

performed on sputter-cleaned Ru samples, which gives a L:H ratio of 1.02±0.1 (Supporting Information, 

Figure S8).

Figure 4. Dose dependent evolution of the deposit height for two data sets from different experiment 

measured by AFM (red squares / triangles, top panel), L:H intensity ratio as a measure for carbon 

removal (green stars, central panel) together with the Ru reference value from sputter-cleaned Ru 

samples (purple horizontal line, central panel), and oxygen intensity (blue circles, bottom panel). Note 

the logarithmic abscissa for the dose and that as-deposited values at the very left are emphasized by 

purple frames to visualize the evolution.
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Figure 4 shows the L:H intensity ratio (center) along with the oxygen intensity (bottom) and the pad 

heights, the latter taken from two different experimental runs (see figure caption). The correlation 

suggests that purification proceeds in three phases, which agree well with phases (1)-(3) discussed in 

the morphology section above. In the first, blue-shaded phase up to 3–5 C/cm2, we observe an increasing 

oxygen signal (bottom), which goes along with a slight height increase (~10%, top), while the L:H ratio 

as a measure for incorporated carbon remains nearly constant (center). Before an interpretation is given, 

we have to keep in mind, that after each dosing experiment, the deposits were brought back to high 

vacuum conditions for EDX measurement. Hence, the volume increase is unlikely to originate from 

incorporated water, as the high vacuum step would entirely “dry” the thin deposits. Therefore, we 

interpret the swelling as consequence of an irreversible electron induced reaction such as the formation 

of oxygenated intermediates (e.g. alcohols)39 before the carbon matrix gets decomposed into volatile 

fragments (see Section 3.2). Such modification processes are likely to increase the matrix volume in 

agreement with the increasing heights, the stable carbon content, and the increasing amount of oxygen 

(bottom curve in Figure 4). We note that electron trajectory simulations exclude the 3 nm SiO2 layer as 

origin of the oxygen increase during swelling (Supporting Information, Figure S9). In the second, green-

shaded phase, effective carbon removal sets in, as clearly reflected by the decaying L:H intensity ratio 

(center) and the simultaneous volume loss (top). During that phase, the oxygen intensity also decays in 

agreement with the aforementioned decomposition into volatile carbon oxides COx (x = 1-2), as 

previously suggested25 and directly observed in this study (see Section 3.2). At the end of this phase, the 

L:H intensity ratio approaches the Ru reference value of 1.02±0.1 (horizontal line), which indicates that 

the carbon removal is mostly completed (~10–20 C/cm2). The L:H saturation entails a stagnation of the 

height loss at ~90% of the initial height and a distinct minimum in the oxygen intensities. This minimum 

is contrary to the earlier O2-based purification process where a continuous increase in the oxygen content 

of the deposit was observed.25 For higher doses (orange-shaded third phase), however, oxygen intensities 

rise again, while carbon content and deposit volume still decay at very low rates. Expanded experimental 

series with doubled final doses confirmed both, the continuous increase for oxygen and the weak 

decrease of the L:H ratio (Supporting Information, Figures S10 and S11). For highest doses, however, 

AFM data revealed a slight increase in volume and surface roughness, as evident in Figure 2. 
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Complementary TEM data confirmed that the inner granular structure is widely unchanged in the low 

dose region (phase 1), followed by gradual grain growth and / or coalescence in the carbon removal 

phase 2 until a densified layer is formed during phase 3 (see Supplementary Information, Figure S12). 

This behavior is in agreement with structural changes during this purification approach for Pt- and Au-

based FEBID materials.20,22,23,25,43-46 Unfortunately, TEM could not be used for reliable chemical 

analyses in this case, as the sub-100 nm thin Ru lamellae can oxidize in an uncontrolled manner during 

sample transfer from the DBM to the TEM under ambient conditions. We note that due to this problem, 

the direct proof of full oxygen removal is extremely complicated even if methods such as selected area 

electron diffraction (SAED) were applied. The FIB-assisted preparation of the lamellae also contributes 

to this difficulty because it induces heat and can bring oxygen from the SiO2 substrate to the deposit. 

However, even a non-oxidizing substrate such as Au, beside posing problems related to overlapping 

EDX lines, would not solve the problem of having to differentiate between oxidation during the 

purification process and during subsequent transfer to the TEM.

The collective results from AFM, SEM, EDX and TEM allow the interpretation, that the electrons in the 

presence of low-pressure H2O atmospheres trigger two competing chemical processes in deposits 

produced from (EtCp)2Ru, namely carbon removal and oxidation. Although small, we observe deposit 

swelling for very low doses, which we propose to result from a chemical modification of the carbon 

matrix (see Section 3.2). Slightly after, matrix decomposition sets in and electron-induced reactions 

lead to efficient carbon removal. The structural evolution is very similar to those for Pt- and Au-based 

FEBID materials22,23 and indicates a general decomposition mechanism as studied in detail in Section 

3.2. Once most of the carbon is removed, the chemistry changes and the oxidative processes between 

Ru and dissociated H2O become dominant. Here, we assume that oxidation takes place along the Ru 

grain boundaries within the nano-granular metal layer. Once the available space is fully consumed, 

ongoing oxidation leads to small increases of deposit heights and surface roughness. This two-process 

model is compatible with all available data presented so far and further substantiated by the following 

surface science data (Section 3.2). The essential implication, however, is that an ideal dose exists, where 

both, carbon and oxygen are at lowest levels. Please note that the logarithmic abscissa in Figure 4 leads 
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to the impression that the ideal dose is very narrow. In numbers, however, the ideal dose ranges between 

10 and 20 C/cm2, which is a factor of 2 and can therefore be easily controlled.
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3.2. Surface study under UHV conditions

The results discussed in Section 3.1 show that electron irradiation in presence of H2O can efficiently 

remove carbon from FEBID deposits fabricated from (EtCp)2Ru. Surface analysis tools applied under 

UHV conditions provide insight in the chemistry that underlies the deposit formation and water-assisted 

purification.39 In the UHV experiments, thin condensed layers of (EtCp)2Ru on a Ta substrate held at 

cryogenic temperature serve as model system. Mass spectrometry (MS) was used to monitor volatile 

species that evolved during electron irradiation and subsequent temperature increase of the substrate. 

This allows us to identify contributions of electron-induced and thermal reactions to deposit formation 

and water-assisted processing.39 Changes in deposit composition as a result of electron irradiation in 

presence of H2O were analyzed by AES.

3.2.1. Electron-induced degradation of multilayer condensed films of (EtCp)2Ru

Model FEBID deposits were prepared from thin layers of (EtCp)2Ru (13-20 ML) that were condensed 

on a Ta substrate held at 110 K. The layers were irradiated at 31 eV until ESD of volatile irradiation 

products ceased, which served as indication that the electron-induced conversion of (EtCp)2Ru was 

completed. Volatile products retained on the substrate were then desorbed by increasing the temperature 

in a TDS experiment to leave behind a non-volatile deposit. The electron energy of 31 eV was selected 

because (i) it falls in the extended energy range that is typical for secondary electrons (SEs) released 

when a high energy electron beam impacts on a material and (ii) it is high enough to ascertain a 

reasonable proceeding speed.

The MS recorded during electron exposure of the condensed (EtCp)2Ru layer (Figure 5(a)) differs from 

both, MS of the residual gas recorded prior to irradiation (Figure 5(b)) and MS obtained from the 

precursor vapor (Figure 5(c)) and thus gives evidence of ESD. The two strong peaks at m/z 16 and 15 

are assigned to ESD of methane (CH4) as supported by their characteristic intensity ratio of 1:0.9.12,39,47 

We rule out contributions of CH3
• because, in contrast to ESD from acetone and acetylacetone,12 the 

intensity of m/z 15 does not exceed that of m/z 16. The signal group m/z 26-30 reveals the desorption 
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of C2 products. Based on reference MS recorded using the same QMS and on literature MS47 and taking 

into account absolute ionization cross sections,48 this pattern is indicative of ESD of ethane (C2H6) and 

ethene (C2H4) with relative abundance of 1:4 (see Supporting Information, Figure S13 and Figure S14). 

Excess intensity of m/z 28 is ascribed to ESD of CO adsorbed as an impurity species from the residual 

gas. Finally, we also observed a minor ESD signal at m/z 39 (C3H3
+) and 41 (C3H5

+) during the initial 

stages of irradiation, indicative of desorption of a species relating to the Cp ring.39

Figure 5. Mass spectra recorded (a) during electron exposure of 40 mC/cm² at E0 = 31 eV of an 

adsorbed layer of (EtCp)2Ru with thickness of 13-20 ML on a Ta substrate held at 110 K, (b) before the 

start of irradiation, and (c) during dosing of (EtCp)2Ru onto the Ta substrate. (d) TDS experiments 

performed directly after preparation of the precursor layer and after electron exposure of 40 mC/cm² at 

E0 = 31 eV. After the temperature ramp terminated at 350 K, the temperature was rapidly increased to 

450 K where it was held for 30 s in a final annealing step.

Gas phase data on the electron-induced fragmentation of (EtCp)2Ru rationalize the observed ESD 

pattern. At electron energies above the typical molecular ionization threshold of 10 eV, dissociative 

ionization (DI), as seen in the gas phase electron impact mass spectrum (EI-MS) of (EtCp)2Ru 

(Supporting Information, Figure S15), initiates the formation of products. The most intense signal in the 

EI-MS at m/z 273 ([M-CH3]+) stems from -cleavage on the ethyl group. In the adsorbed layer, the 
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released CH3
• radicals can intra- or intermolecularly abstract H from (EtCp)2Ru molecules thus 

explaining ESD of CH4. In line with ESD, EI-MS also shows the loss of C2H6 ([M-30]•+ at m/z 258) or 

C2H4 ([M-28]•+ at m/z 260) due to -cleavage of the ethyl group from the ring, in line with previous data 

on ferrocenes49 and hydrogen transfer from or to the ethyl group. The fact that C2H4 is dominant over 

C2H6 in ESD from (EtCp)2Ru (Supporting Information, Figure S13 and Figure S14) while the opposite 

is seen in EI-MS (Supporting Information, Figure S15) suggests that intermolecular H transfer 

contributes to ESD. This includes H transfer between CH3
• and C2H5

• radicals leading to CH4 and C2H4 

or between two C2H5
• radicals yielding C2H4 and C2H6. EI-MS (Supporting Information, Figure S15) 

also shows two complementary signals at m/z 95 (C7H11
+) and 193 (C7H7Ru+), indicating that the charge 

may reside on either of the fragments. This type of fragmentation rationalizes the desorption of a species 

relating to the Cp ring as implied by the weak ESD signals at m/z 39 (C3H3
+) and 41 (C3H5

+). To support 

this interpretation, we note that the absence of a signal relating to the Cp ring in ESD from 

MeCpPtMe3
39,50 correlates with a particularly low intensity of signals related to the loss of the Cp ring 

from this compound in EI-MS.51 However, m/z 95 (C7H11
+) and 193 (C7H7Ru+) species, when released 

in the condensed phase, can potentially attack adjacent molecules to induce crosslinking of the ligands. 

This explains the relatively weak intensity of the Cp ring fragments at m/z 39 and 41 in ESD from 

(EtCp)2Ru.

Dissociative electron attachment (DEA) is prominent at electron energies below the ionization 

threshold.5,7 Under the present conditions, SEs released by the ionization processes described above may 

initiate DEA. However, DEA is not a likely explanation for the ESD signals relating to the Cp ring 

because, as known from different late transition metal cyclopentadienyl complexes, the cross section for 

the loss of a Cp ligand after electron attachment is small.52 Equally, the Cp ring preferentially remains 

on the metal in DEA to precursors containing different types of ligands.51,53,54

The dominance of CH4, C2H4, and C2H6 in ESD with only weak signals of the Cp ring rationalizes the 

large amounts of carbon incorporated in deposits produced from (EtCp)2Ru in FEBID (Section 3.1). In 

fact, the previously reported deposit composition RuC9
25 corresponds to most of the carbon of the Cp 

rings after loss of the side groups. A post-exposure TDS experiment was performed to check if thermal 
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reactions further enhance the deposit purity in FEBID. The electron irradiation of the (EtCp)2Ru layer 

was thus stopped after an exposure of 40 mC/cm² where the ESD intensities at characteristic m/z ratios 

had returned to the baseline level (Supporting Information, Figure S16). The subsequent TDS shows 

that the m/z 39 desorption signal of the precursor at 210 K has been strongly reduced (Figure 5(d)). The 

remaining intensity is ascribed to either a small amount of unreacted (EtCp)2Ru or to a structurally 

related compound resulting from fragmentation of the side groups. The loss of volatile species during 

ESD has thus in fact converted the (EtCp)2Ru layer into a less volatile state. We note that the m/z 39 

TDS curve does not reveal signals at lower temperature that would point to desorption of a Cp-related 

species but the m/z 28 curve shows a broad desorption signal in the range 110-140 K (Figure 5(d)). 

m/z 28 is attributed to the volatile C2 species retained in the deposit at cryogenic temperature after 

irradiation. However, further thermal evolution of volatile products above the desorption temperature of 

(EtCp)2Ru was not observed during TDS. Therefore, and in contrast to the case of MeCpPtMe3 where 

CH4 was thermally released in a temperature range extending beyond room temperature,39 the model 

deposits formed by combined ESD and TDS from (EtCp)2Ru should closely resemble the material 

produced in the actual room temperature FEBID process. This also emphasizes the need for purification 

processes in the case of (EtCp)2Ru.

3.2.2. Volatile products released during water-assisted purification of a model (EtCp)2Ru deposit

The deposits prepared from (EtCp)2Ru by electron irradiation (ESD), warming up (TDS), and annealing 

at 450 K for 30 s (see Section 3.2.1) were subject to repeated cycles of water-assisted purification. In 

each of these cycles, H2O was condensed on the deposit held at 110 K followed by exposure to 31 eV 

electrons at the same temperature. During this IDS and ESD sequence, the gas phase was monitored by 

repeated rapid mass scans. After irradiation, the deposit temperature was increased to 450 K during a 

TDS run and finally held at 450 K for 30 s. The deposit composition was determined by AES performed 

at room temperature after selected purification cycles.
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Figure 6. (a) Isothermal and electron-stimulated desorption spectrum (ISD and ESD) extracted from a 

sequence of rapid mass scans recorded during a water-assisted purification model experiment on a 

(EtCp)2Ru deposit. The deposit was produced beforehand by irradiating a 13-20 ML film of (EtCp)2Ru 

at E0 = 31 eV until the production of volatile products in ESD had ceased (40 mC/cm²). The deposit was 

annealed to 450 K for 30 s and cooled back to 110 K before acquiring the data shown. A short electron 

exposure (100-300 s, 31 eV, 2 mC/cm², marked by e-) was applied at the beginning of the purification 

experiment to verify that no further ESD occurred. A total amount of 40-80 ML H2O was then dosed 

onto the deposit held at 110 K (400-600 s, marked by H2O). Finally, a further electron exposure (1300-

3150 s, 31 eV, 20 mC/cm², marked by e-) was performed at the same temperature. Representative mass 

scans show the gas phase composition (b) immediately before dosing H2O, (c) during H2O dosing, and 

(d) at the maximum of CO evolution (m/z 28) during the final electron exposure step. The m/z 10-20 

range in (b) is scaled to 0.05% of its actual intensity to enhance the visibility of less intense signals.

Figure 6 illustrates a purification cycle performed on a freshly prepared deposit by tracing the temporal 

evolution of characteristic m/z ratios (Figure 6(a)). Also shown are representative MS obtained 

immediately before (Figure 6(b)) and during H2O dosing (Figure 6(c)) as well as during the subsequent 

electron exposure step (Figure 6(d)). Before dosing H2O, a short irradiation was carried out (Figure 6(a), 

100-300 s) to verify that ESD had in fact ceased. Apart from a very small amount of residual CO, the 

absence of any onset in the mass traces m/z 15, 16, 18, and 44 and the very low intensities of these 

signals in the MS (Figure 6(b)) give evidence that no volatile irradiation products were emitted from the 
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deposit film via ESD beyond the initial irradiation of the intact precursor layer and the subsequent 

annealing step. Dosing of H2O on the (EtCp)2Ru deposit then led to desorption of CO and some CO2 

(Figure 6(a), 400-600 s). These stem indeed from the deposit as supported by a control experiment in 

which H2O was dosed onto the freshly sputtered and subsequently irradiated Ta substrate. The control 

showed much smaller signals (Supporting Information, Figure S17), ruling out that CO and CO2 are 

formed predominantly on hot filaments or are co-dosed from the gas-handling manifold. Signals at 

m/z 26, 27, 29 and 30 were absent (Figure 6(c)) giving evidence that formation of C2 hydrocarbons was 

negligible during this step. The prominent m/z 18 (H2O•+) signal and a small signal at m/z 16 (O•+) show 

the same temporal behavior during H2O dosing (see Figure 6(a)) indicating that both relate to H2O. In 

line with this, a significant increase of the m/z 15 signal was not observed (Figure 6(a) and (c)) so that 

formation of CH4 can be ruled out.

The CO desorption signal increased steadily during dosing of H2O and decayed when the supply of H2O 

was stopped (Figure 6(a)). CO thus forms through a thermal reaction of H2O with the (EtCp)2Ru deposit 

even in absence of electron irradiation. However, the subsequent electron irradiation step led not only 

to desorption of H2O (m/z 18) but also to much more prominent release of CO (m/z 28) than the thermal 

reaction alone (Figure 6(a), 1300-3150 s) with other volatile products being again negligible 

(Figure 6(d)). Hence, CO is the main volatile product formed during water-assisted electron beam 

purification of deposits produced from (EtCp)2Ru. The loss of material observed as decrease of the 

deposit thickness in Section 3.1 thus proceeds via conversion to CO. We note that – despite the fact that 

the mass curve for m/z 18 leveled off after 20 mC/cm² (Figure 6(a)) – H2O was still present in the deposit 

as indicated by a respective desorption signal at ~155 K in a post-purification TDS (Supporting 

Information, Figure S18).

The production of CO via thermal reactions at 110 K points to the existence of reactive sites in the 

deposit. Note that hydrolysis of intact MeCpPtMe3 was not observed under the same experimental 

conditions.39 Reactions of H2O with intact (EtCp)2Ru can thus be ruled out because the Ru center is even 

more sterically shielded by the two EtCp ligands. It is conceivable that the loss of CH4 and C2 

hydrocarbons during electron exposure of (EtCp)2Ru (see Section 3.2.1.) leaves behind radical sites on 
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the Cp rings that can abstract hydrogen from H2O. This, in turn produces reactive •OH radicals55 that 

further oxidize the hydrocarbon residue in the deposit to eventually form CO. However, small amounts 

of Cp-containing products already desorbed as well during deposit formation (Figure 5(a)). This would 

leave behind Ru sites that are accessible to H2O and may expose the known catalytic activity of this 

metal.56-58 We note that Ru-containing catalysts enhance the water-gas shift reaction that transforms CO 

and H2O to CO2 and H2
57,58 which might also contribute to the formation of small amounts of CO2 as 

seen in Figure 6(c). The catalytic activity of Ru may thus be relevant to the water-assisted purification 

of Ru deposits as studied here. We also observe that desorption leveled off when dosing of H2O was 

terminated except for CO (Figure 6(a)). In fact, the m/z 28 trace decayed only partially to stabilize at a 

level significantly above the pre-dosing value with even a small intensity increase over time (700-

1200 s). This points towards slow diffusion of H2O into the deposit and consequent reaction with 

reactive sites located at a larger depth. We note that CO desorption did not decay after dosing of H2O in 

an experiment performed on a deposit produced without subsequent annealing (Supporting Information, 

Figure S19). We attribute this to a larger number of reactive sites in the deposit. Thermal activation as 

provided by annealing prior to dosing of H2O (Figure 6) increases the mobility of species in the deposit 

so that radical sites produced beforehand by electron exposure can recombine. In consequence, the 

present results imply that temperature increase may not have a favorable effect on the water-assisted 

purification of FEBID deposits produced from (EtCp)2Ru.

Turning to the electron-induced CO production after dosing of H2O, we note that ESD of H2O increased 

sharply at the start of irradiation to level off immediately. In contrast, desorption of CO increased during 

approximately 400 s before starting to decline very slowly (Figure 6(a), 1300-3150 s). As described 

previously,39 this behavior indicates that CO formation proceeds via an intermediate product that is 

formed in an electron-induced reaction of the deposit with H2O. As a first step, electron exposure of 

condensed H2O at E0 above the ionization threshold leads to intermolecular proton transfer according to 

(1).59

H2O•+ + H2O  H3O+ + •OH (1)
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Anionic ligands such as EtCp- can be cleaved off from the central metal when metallocenes are 

protonated.60 Following ionization, H2O•+ can thus initiate reaction (2), where the intact precursor also 

represents Cp-containing irradiation products retained in the deposit.

H2O•+ + (EtCp)2Ru  EtCpH + EtCpRu+ + •OH (2)

The reaction products of (2) can again lead to removal of carbon from (EtCp)2Ru deposits. Protonation 

and loss of EtCpH yields a cationic EtCpRu+ species with the Ru center again accessible to further 

reactions. Cationic Ru complexes are known to be highly efficient in oxidation reactions of various 

species, i.a. hydrocarbons.61 Also, •OH radicals again act as oxidizing species in the deposit. 

Furthermore, H2O•+ can add to one of the C=C double bonds of EtCpH yielding an alcohol.39,55 As known 

for methanol, alcohols can release CO upon electron irradiation.62 This reaction sequence explains the 

delayed desorption of CO during electron exposure of the deposits. We thus propose that, in analogy to 

the previous study on MeCpPtMe3,39 electron irradiation leads to addition of H2O to a C=C double bond 

in a Cp moiety and subsequent loss of CO from this intermediate. This contributes to the removal of 

carbon from the deposit. This is a relevant scenario because it explains uptake of oxygen during phase 1 

of the purification process accompanied by the initial swelling of the deposit, both of which cannot be 

explained by mere uptake of H2O (see Section 3.1).

The progress of deposit purification with increasing number of purification cycles was deduced from 

the amount of CO that desorbed in ESD and, after selected cycles, from the deposit composition via 

AES (Figure 7(a) and (b)). For this purpose, a deposit was prepared in the same way as described above 

and exposed to 24 cycles of water-assisted purification cycles as shown in Figure 6(a) but without 

repeated electron irradiation prior to dosing of H2O. The amount of CO that evolved in each cycle during 

the 20 mC/cm2 electron exposure after H2O dosing was quantified by integrating the m/z 28 signal 

intensities over purification time (Figure 7(b)).

AES shows signals of the underlying Ta substrate, of the precursor, and of oxygen introduced as H2O 

during the purification cycles. The Ta NNN signals at kinetic energies of 175 eV and 183 eV41 (marked 

in green in Figure 7(a)) were the only signals after sputter-cleaning of the substrate pointing to a clean 

surface prior to deposit formation. After dosing of (EtCp)2Ru, electron irradiation and post-exposure 
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TDS, a broad signal of the precursor at ~275 eV was observed instead (marked in yellow in Figure 7(a)). 

Due to limited spectral resolution, the Ru MNN (277 eV) and C KLL (275 eV) AES signals41 cannot be 

separated. With ongoing purification (top five spectra in Figure 7(a) representative of exposures in the 

range 20-480 mC/cm²), the total intensity of this combined Ru/C signal decreased by 44% in total, 

indicative of an average intensity loss of 2% per cycle of 20 mC/cm². Based on the tabulated sensitivity 

factors of the Ru MNN (277 eV) and C KLL (275 eV) signals41 and assuming a homogeneous 

distribution of Ru and C with a composition of RuC9
25 in the deposit, 30% of the intensity of the Ru/C 

signal prior to purification can be ascribed to Ru and 70% to C. We deduce that roughly 60% of the 

initial carbon content has been removed after an electron exposure of 480 mC/cm² in presence of H2O. 

This estimate changes by less than 5% when it is based on the initial precursor composition of RuC14.

Figure 7. (a) Derivative AES of the freshly sputtered Ta sheet, an as-deposited (EtCp)2Ru layer (after 

40 mC/cm² at E0 = 31 eV), and the same layer after selected purification exposures of up to 480 mC/cm² 

in total. Overall, 24 purification cycles were carried out, each involving electron exposure of 20 mC/cm² 

at E0 = 31 eV in the presence of 20-40 ML or 40-80 ML H2O condensed on the deposit and followed by 

annealing to 450 K. (b) Plot of the total Peak-to-Peak (PtP) height of the C/Ru AES signal (red) and the 

total IDS CO signal (as integrated desorption signal on m/z 28, black) against purification exposure. 

Note that the third and the sixth purification cycle applied only 20-40 ML H2O to the deposit whereas 

the remaining cycles were carried out with 40-80 ML H2O.
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In line with the clean UHV environment, the O KLL signal was below the detection limit in the as-

prepared deposit indicating that oxygen-free deposition from (EtCp)2Ru is feasible in a clean 

environment. However, starting at a purification exposure of ~80 mC/cm², the O KLL signal (510 eV) 

began to increase (marked in red in Figure 7(a)),41 pointing to incorporation of oxygen in the deposit 

proposed above and also in Section 3.1 to stem from oxygenated species in the deposit. Generally, the 

Ta substrate is also prone to oxidation. However, the deposit was initially thick enough to effectively 

screen signals from the underlying substrate. Only at higher purification exposures (320 mC/cm² and 

above), the Ta NNN signals reappeared with low intensity, indicating a decreasing deposit thickness in 

line with the observed removal of carbon. In this regime oxidation of the Ta substrate very likely 

contributes to the increase of the O KLL signal.

Monitoring the removal of carbon through the evolution of CO during electron exposure of the 

purification cycles (Figure 7(b)) revealed that the amount of desorbing CO increased during the first 

cycles to peak at intermediate purification exposures around 180 mC/cm², i.e. when already roughly 

30% of the initial carbon content was removed according to AES. For high purification exposures, the 

amount of CO per cycle again decreased in line with the decreasing amount of carbon as indicated by 

AES. The initial increase of CO production for low exposures is also in line with the proposed formation 

of oxygenated intermediates that are the actual source from which CO is finally released. We further 

propose that in the UHV experiment, the electron exposure during a specific purification cycle is 

insufficient to degrade the entire amount of oxygenated intermediates and these do not desorb during 

TDS and annealing when formed on already crosslinked ligands. The oxygenated intermediates thus 

accumulate during several cycles before, due to depletion of the initial carbon material, their production 

rate drops below the rate of their decomposition to CO. We thus ascribe not only the delayed ESD of 

CO during a single purification cycle (Figure 6(a)) but also the increase of the CO production rate during 

the early purification cycles (Figure 7(b)) to the slow build-up of oxygen-containing intermediates 

before the carbon residue is depleted due to loss of CO. Both are reminiscent of the initial phase 1 of 

deposit purification following FEBID before the actual removal of the carbon matrix sets in (see 

Section 3.1). 
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3.3. Comparison between deposit purification in the DBM and in UHV

Despite the fundamentally different experimental conditions (see also Supporting Information, 

Table S1), we have shown in Sections 3.1 and 3.2 that the deposit purification as observed in the DBM 

in LP mode and in the UHV setup can be correlated in terms of the underlying electron-induced 

chemistry. However, a quantitative comparison is not easy. In contrast to the UHV study, it is not 

possible to estimate the actual amount of H2O in contact with the deposit in the DBM experiment 

because the sticking coefficient on the deposit at room temperature is unknown. Also, a direct 

comparison of the electron current densities is not meaningful because the cross section for 

fragmentation of the precursor depends on the electron energy and secondary electrons (SEs) make a 

large contribution in the DBM process. Nonetheless, the removal of carbon proceeds at a similar rate 

with respect to electron exposure in both experiments. After applying 0.48 C cm-2 in the UHV 

experiment, the carbon content was reduced by roughly 60% (Figure 7(b) and discussion in Section 3.2). 

In the DBM and for a deposit thickness that was approximately ten times larger than in the UHV 

experiment (see Table S1), near 8 C cm-2 were required to achieve a similar reduction of the carbon 

content (see Figure 4). This reveals that not only the chemistry but also the efficiency of carbon removal 

is similar in the two experiments despite the large differences in the experimental conditions.

A possible explanation for the similar purification efficiency in both experiments is that SEs with 

energies similar to those used in the UHV experiment also initiate most of the chemistry in the FEBID 

process performed with 5 keV electrons. However, an excess of H2O in the purification process is also 

important. As shown previously in the case of MeCpPtMe3, variation of the partial H2O pressure during 

electron beam purification did not change the rate at which carbon was removed indicative of an 

electron-limited process.22,23 This is not reflected by the ratio of electron and H2O flux (Supporting 

Information, Table S1), the former being larger by an order of magnitude, underlining that such figures 

are meaningless without knowledge of the sticking coefficient of H2O and the electron energy dependent 

cross sections for the relevant electron-induced reactions. Also, even if electrons impinge in large 

excess, precursor fragmentation is only initiated by a fraction of those and many electrons are simply 

scattered into or from the material. In the UHV experiment, H2O was clearly not depleted in the 
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individual purification cycles as obvious from TDS performed after the ESD step (Supporting 

Information, Figure S18), again pointing to an electron-limited process. Here, this limitation also derives 

from the limited penetration depth of low-energy electrons. In fact, the mean free path (MFP) of 31 eV 

electrons as used in the UHV experiments amounts to only a few Å.63 H2O observed in TDS after ESD 

had ceased most likely stems from deeper layers of the deposit pointing to diffusion into the deposit. 

The facile diffusion of H2O into a carbonaceous deposit, which is contrary to the behavior of O2 when 

used as purification reagent,64 was also demonstrated in simulations65 and in experiments on the water-

assisted purification of deposits produced from MeCpPtMe3.65 As a result of this mobility, the deposit 

in the UHV experiment acts as reservoir that supplies H2O and thus enables formation of CO while 

electron irradiation proceeds (Figure 6).

These common aspects of the DBM and UHV experiments, namely, the role of low energy electrons 

and the diffusion of an excess of H2O into the deposit, enable the chemical reactions involved in the 

water-assisted purification process as discussed in the previous sections. This further rationalizes our 

conclusion that the same reactions as monitored in UHV are in fact also relevant in the actual FEBID 

purification process and thus supports the relevance of surface science model experiments for an in-

depth understanding of deposit purification processes.

4. Conclusion

The results obtained herein provide evidence that carbon-rich FEBID deposits produced from (EtCp)2Ru 

can be successfully converted to a dense Ru nanomaterial by electron exposure in the presence of H2O 

vapor. During the purification process, the deposit shrinks in the vertical dimension by about 90% while 

both, footprints and qualitative 3D surface shapes are preserved. While the evolution of the inner 

structure is very similar to Pt- and Au-based FEBID materials (bottom up grain-growth / coalescence 

and densification without any evidence of pores and cracks),22,23 an ideal dose range exists for Ru before 

oxidation becomes dominant due to a strong excess of electrons together with dissociated H2O. This is 

a clear advantage as compared to an O2-based purification process during which the oxygen content 

increased continuously.25 Although an exact determination of remaining oxygen and carbon levels is 
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pending due to technical challenges on that scale, the collective insight via SEM, AFM, EDX and TEM 

suggests very low remaining impurity levels. The relevant stages of the deposit purification, namely, an 

initial period during which the deposit swells followed by a rapid removal of carbon correlate well with 

the results from UHV surface science studies.

The UHV model experiments, performed on multilayer condensed layers of (EtCp)2Ru, complement the 

FEBID and subsequent water-assisted processing by providing insight into the chemical reactions that 

underlie deposit formation and purification. According to ESD results, the electron-induced 

fragmentation of the precursor leads predominantly cleaves the side chains from the ligands. This 

rationalizes the previously reported composition RuC9 of FEBID deposits fabricated from (EtCp)2Ru.25 

Electron irradiation of the deposit in presence of H2O leads to exclusive desorption of CO together with 

minor amounts of CO2. However, thermal reactions do not play a significant role in the purification 

process which implies that an elevated temperature is unlikely to improve the purity of the thus obtained 

deposits. In line with a mechanism formulated earlier for MeCpPtMe3,39 we propose that the formation 

of CO involves oxygenated intermediates deriving from an electron-induced reaction of H2O with the 

carbon residue in the deposit. In the DBM experiment, this result is reflected in a temporary increase of 

the oxygen content as well as a swelling of the deposit during the early stages of the purification process 

before removal of carbon sets in.

Despite the very different conditions in terms of temperature, electron energy, electron current density, 

water dosing process, and deposit thickness, the present results reveal the correlation between the 

purification processes in the DBM and in UHV, which can be understood based on the underlying 

electron-induced chemistry. Also, the electron exposures required to achieve a similar level of 

purification are surprisingly similar in the UHV model experiment and in the actual deposit purification 

in the DBM. This supports that low energy electrons as released under the impact of a high-energy 

electron beam and the rapid diffusion of H2O into the deposit are essential factors in the purification 

process.

Overall, we conclude that water assisted electron beam purification of (EtCp)2Ru based FEBID materials 

is a promising candidate on the route towards pure Ru nanomaterials for on-demand applications such 
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as EUVL mask repair or modification. The combined efforts in this study enabled a fundamental 

understanding of the underlying chemical processes, which, in turn, acts as baseline for further 

improvements.

Associated Content
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Figure 2. (a) and (b) show 3D AFM height images of a Ru based FEBID deposit before and after a 100 C/cm2 

purification, respectively. While vertical scaling is identical for direct comparison, colors were adjusted to 
visualize relevant surface details and in particular the crack-free shape fidelity. (c) and (d) show the dose 

dependent evolution of deposit heights and RMS surface roughness, respectively. Both quantitites are 
derived from central deposit areas as specified within the graphs. Note the logarithmic abscissa (dose) to 

reveal the ealy stage behavior. For clarity, only four error bars are shown in (d). Discussion and 
interpretation can be found in the main text. 
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Figure 3. (a) in situ EDX spectra obtained after initial fabrication and different purification doses (see legend) 
without breaking the vacuum to exclude reactions with gases from the ambient. The shaded regions indicate 

characteristic peaks of different elements, which are shown in more detail in (b), (c) and (d), further 
denoted as region L, M and H, respectively. 
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Figure 4. Dose dependent evolution of the deposit height for two data sets from different experiment 
measured by AFM (red squares / triangles, top panel), L:H intensity ratio as a measure for carbon removal 
(green stars, central panel) together with the Ru reference value from sputter-cleaned Ru samples (purple 

horizontal line, central panel), and oxygen intensity (blue circles, bottom panel). Note the logarithmic 
abscissa for the dose and that as-deposited values at the very left are emphasized by purple frames to 

visualize the evolution. 
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Figure 5. Mass spectra recorded (a) during electron exposure of 40 mC/cm² at E0 = 31 eV of an adsorbed 
layer of (EtCp)2Ru with thickness of 13-20 ML on a Ta substrate held at 110 K, (b) before the start of 
irradiation, and (c) during dosing of (EtCp)2Ru onto the Ta substrate. (d) TDS experiments performed 

directly after preparation of the precursor layer and after electron exposure of 40 mC/cm² at E0 = 31 eV. 
After the temperature ramp terminated at 350 K, the temperature was rapidly increased to 450 K where it 

was held for 30 s in a final annealing step. 
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Figure 6. (a) Isothermal and electron-stimulated desorption spectrum (ISD and ESD) extracted from a 
sequence of rapid mass scans recorded during a water-assisted purification model experiment on a 

(EtCp)2Ru deposit. The deposit was produced beforehand by irradiating a 13-20 ML film of (EtCp)2Ru at E0 
= 31 eV until the production of volatile products in ESD had ceased (40 mC/cm²). The deposit was annealed 

to 450 K for 30 s and cooled back to 110 K before acquiring the data shown. A short electron exposure 
(100-300 s, 31 eV, 2 mC/cm², marked by e-) was applied at the beginning of the purification experiment to 
verify that no further ESD occurred. A total amount of 40-80 ML H2O was then dosed onto the deposit held 

at 110 K (400-600 s, marked by H2O). Finally, a further electron exposure (1300-3150 s, 31 eV, 20 
mC/cm², marked by e-) was performed at the same temperature. Representative mass scans show the gas 
phase composition (b) immediately before dosing H2O, (c) during H2O dosing, and (d) at the maximum of 

CO evolution (m/z 28) during the final electron exposure step. The m/z 10-20 range in (b) is scaled to 
0.05% of its actual intensity to enhance the visibility of less intense signals. 
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Figure 7. (a) Derivative AES of the freshly sputtered Ta sheet, an as-deposited (EtCp)2Ru layer (after 40 
mC/cm² at E0 = 31 eV), and the same layer after selected purification exposures of up to 480 mC/cm² in 

total. Overall, 24 purification cycles were carried out, each involving electron exposure of 20 mC/cm² at E0 
= 31 eV in the presence of 20-40 ML or 40-80 ML H2O condensed on the deposit and followed by annealing 
to 450 K. (b) Plot of the total Peak-to-Peak (PtP) height of the C/Ru AES signal (red) and the total IDS CO 
signal (as integrated desorption signal on m/z 28, black) against purification exposure. Note that the third 

and the sixth purification cycle applied only 20-40 ML H2O to the deposit whereas the remaining cycles were 
carried out with 40-80 ML H2O. 
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