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Abstract  

 

During the last decade, significant progress has been made in the field of resonant optics ranging 

from fundamental aspects to concrete applications. While several techniques have been introduced 

for the fabrication of highly defined metallic nanostructures, the synthesis of complex, free-standing 

3-dimensional (3D) structures is still an intriguing, but so far intractable challenge. In this study we 

demonstrate a 3D direct-write synthesis approach which addresses this challenge. Specifically, we 

succeeded in the direct-write fabrication of 3D nano-architectures via electron stimulated reactions 

which is applicable on virtually any material and surface morphology. By that, complex 3D nano-

structures composed of highly compact, pure gold can be fabricated which reveal strong plasmonic 

activity paving the way for a new generation of 3D nano-plasmonic architectures that can be printed 

on-demand.  
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Introduction 

Surface plasmons in metallic nanostructures are known to have unique properties as they enable 

light concentration into the deep subwavelength regime. They are thus of high interest for new types 

of photonic devices1 such as novel light sources2, sensor devices3,4, for improvements in data storage 

technology5, and in photovoltaics6. A high flexibility for the design of the metallic nanostructures is 

therefore in high demand. Several factors affect the plasmonic activity, namely:  

1) the shape and size of the metallic nanostructure, 2) the quality of the metal in terms of its purity 

and crystallinity, and 3) accurate positioning on the area of interest. Different approaches have been 

used so far, but it is very challenging to meet all these requirements. On one hand, wet chemical 

synthesis enables the production of single crystalline nanoparticles with well-defined shape and high 

metallic purity7,8. However, accurate positioning on the substrate – particularly an arrangement of 

multiple nanoparticles with tuneable, well-defined relative distances – is not possible. On the other 

hand, electron beam lithography (EBL) overcomes this positioning problem but is limited to quasi two 

dimensional structures and flat surfaces. While these challenges are daunting, Focused Electron 

Beam Induced Deposition (FEBID) has the potential to meet these stringent requirements as it is a 

mask-less, direct-write bottom-up synthesis method for the fabrication of 1D, 2D, and 3D 

architectures with spatial nanometer resolution9–12 on virtually any substrate material and surface 

morphology13. FEBID uses gaseous precursors, injected in electron beam microscopes, which 

dynamically physisorb, diffuse, and desorb to establish an equilibrium surface coverage. The focused 

electron beam decomposes the precursor molecules leading to a highly localized functional deposit 

whose size, shape, and position can be precisely controlled on the lower nanometer scale. In the 

past, FEBID has been used to rapidly prototype passive and active applications14–18 and has already 

found its way into commercial applications for lithography mask repair19,20 or stress-strain sensing for 

atomic force microscopy cantilevers21,22. However, FEBID deposits notoriously contain very high 

carbon content of 90 at.% and more for some precursors after fabrication which compromise the 

intended functionality23. Although a few examples of pure materials after fabrication have been 
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demonstrated23–26 most efforts were put on in-situ and/or post-growth purification processes such 

as: fabrication on hot substrates25,27, co-flow with reactive gases28, synchronized laser assisted 

FEBID29,30 and other in-situ/ex-situ processes21,23,31–37. An essential step forward was achieved by 

Geier et-al who introduced the first post-growth purification approach for platinum based FEBID 

materials leading to pure and highly compact metallic nano-structures without morphological 

disruption38. In this study we successfully expand their basic purification concept to a gold-based 

FEBID precursor and, more importantly, to  complex free-standing 3D architectures  - a much more 

challenging task than with simple planar or bulky 3D structures. This chemical post-growth transfer 

into highly compact, pure gold is then combined with one of FEBID’s unique attributes by means of 

direct-write 3D fabrication. In the past, this capability was mostly restricted to free-standing nano-

pillars for detailed insight in fundamental processes24,39–41. While Fowlkes et-al recently succeeded in 

mimicking experimental 3D fabrication via simulations42 we here move an essential step further and 

demonstrate FEBID based fabrication of complex and highly precise 3D nano-architectures which 

meets the high demands for advanced plasmonic applications after the successful chemical 

transformation into pure gold. The roadmap of this study is graphically summarized in Figure 1. First, 

we report on our recent breakthrough progress towards real 3D nanoprinting of complex, 

freestanding 3D-nanoarchitectures (top row, a-e) by using advanced patterning strategies. Next, we 

demonstrate the chemical material transfer of carbon containing FEBID deposits into highly compact 

pure Au nano-structures (central row, f-h). Then we confirm the plasmonic response of planar FEBID 

based Au structures which reproduce the response of reference Au disks prepared via classical 

electron beam lithography43 (bottom row, i-l). This not only fulfills the long lasting promise of FEBID 

as fabrication tool for plasmonic nano-strutures but also paves the way for FEBID based 3D 

plasmonics. Hence, in the last step we adapt the purification process for the carbon removal in 3D 

nano-structures and successfully demonstrate the plasmonic activity of free-standing 3D Au nano-

architectures (bottom row, m-o) whose fabrication is extremely challenging or even impossible with 

alternative techniques. By that, the proposed approach opens the possibility of entirely new 
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capabilities for the on-demand fabrication of 3D architectures for resonant optics on virtually any 

surface.  

 

3D-Nanoprinting 

In the last decade, FEBID has made significant, yet incremental progress towards synthesis of 

freestanding nano-structures44,45. Together with a deeper understanding of the dynamic surface 

processes concerning precursor molecule adsorption, diffusion and desorption and its relation to the 

process parameters46–49 we recently succeeded in the identification of a widely stable process 

window where the intended 3D nano-structures becomes very predictable, preventing exhaustive 

trial-and-error approaches mostly used in the past42. In previous experiments, we determined that 

high primary electron beam energies (30 keV), low beam currents (21 pA) in combination with pixel 

distances (point pitch, PoP) in the (sub)nanometer range and pulse durations (dwell times, DT) on a 

millisecond scale are ideal for 3D synthesis. While general control over tilt angles of free-standing 3D 

structures is achieved by careful variation of PoPs and DTs, the patterning point sequence is the 

essential element for predictable and reproducible 3D fabrication. Although the primary beam 

parameters lead to minimized local precursor depletion during a beam pulse9,50,51, continuous growth 

mode for individual branches lead to varying growth rates dependent on the height making the result 

unpredictable.  Figure 2a shows a top view and a tilted SEM image after a fabrication attempt for a 

tetragonal-bipyramid (TBP, as depicted in in Figure 1g) using a continuous growth mode. As 

schematically given on top, this strategy tries to grow each single branch individually (see number 

and arrows). One reason for the structural collaps is attributed to increasing local depletion leading 

to strongly reduced growth followed by new growth events at the substrate. To prevent such a 

situation, patterning has been changed to an interlaced patterning sequence as schematically 

depicted on top of Figure 2b. This strategy jumps between different branches (see numbers and 

arrows), essentially introducing sufficient refresh times in between two consecutive beam pulses at 
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the same branch. This establishes a replenished growth front prior to the next beam pulse, leading to 

a stable growth mode as can be seen by the TBP in Figure 2a (both attempts used the same DTs and 

PoPs without any additional pause times). At the same time, this strategy mitigates proximity effects 

that produce spatial distortions39,52 and drift issues (further details can be found in Supporting 

Information 1). Following this interlace approach, even complex 3D-nanostructures, as 

representatively shown in Figure 1a-e, can be fabricated in a predicatable, reliable, reproducible 

fashion (see also Supporting Information 1). These examples demonstrate FEBID´s high flexibility 

concerning the fabrication of 3D nano-architectures which exploit their full potential together with 

applicability on virtually any surface material and morphology (more examples can be found in 

Supporting Information 2). To demonstrate FEBID based 3D plasmonics in this study, tetragonal-

bipyramid geometries consisting of 4 individual branches that converge in the vertical dimension into 

a single apex have been chosen (see Figure 1g, 1n, and 2b). The intension of this geometry are the 

expected enhanced plasmonic resonances at branch areas and in particular at the tip53 with typically 

end radii of ~10 nm. However, for strong plasmonic resonance the critical issue of carbon impurities 

in the 3D gold deposits had to be solved first as discussed in the following.  

 

Material Purity for Plasmonics  

Although a variety of precursor materials are available for FEBID23, most of them lead to a carbon 

matrix composition embedded with metal nano-grains (2 - 5 nm) (see Figure 1f) with an enormous C 

contents depending on the organometallic precursor composition (e.g. the Au precursor used here 

contains about 95 at.% carbon23). This long-lasting drawback reduces or even entirely masks the 

intended magnetic, electric, or plasmonic functionality. Here we successfully solved the impurity 

problem with a post-growth purification approach for the Me2Au(acac) (acetylacetonate- dimethyl-

gold(III) precursor to obtain pure gold materials as a central gateway for plasmonic applications. 

Specifically, the as-deposited Au-C FEBID structures are exposed to a scanning e-beam in a 10 Pa H2O 
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ambient in an environmental scanning electron microscope38 (ESEM) (Figure 1g). A comprehensive 

characterization of such treated Au-C deposits using atomic force microscopy (AFM), scanning 

electron microscopy (SEM) based energy dispersive X-ray spectroscopy (EDXS) and transmission 

electron microscopy (TEM) based electron energy loss spectroscopy (EELS) not only revealed the 

entire removal of carbon but also the pore / crack free morphology after purification which is 

essential for plasmonic application (see Supporting Information 3). To evaluate the latter aspect, we 

fabricated two sets of 60 nm thick Au-C FEBID disks with diameters ranging from 250 nm to 400 nm, 

all deposited on 15 nm thick Si3N4 membranes for subsequent EELS characterization. One set was 

used for as-deposited characterization, while the second disk set was purified via the above 

described approach. In addition, a third set of Au reference disks with same diameters and thickness 

were prepared using electron beam lithography (EBL)54 to evaluate the behaviour of FEBID based Au 

disks as described in the following. 

 

2D Plasmonics 

To study the plasmonic behaviour of planar FEBID Au disks, TEM based nano-characterization has 

been performed as it  provides energy dependent response information with laterally resolved 

information on the lower nanoscale. Figure 3 shows scanning transmission electron microscopy 

(STEM) based high-angle annular dark field (HAADF) survey images (left column in Figure 2a) 

together with EELS measurements of the laterally resolved plasmonic response of FEBID based as-

deposited Au-C (top row) and fully purified Au (central row) in comparison with EBL based Au 

reference disks55–58. As evident, as-deposited Au-C disks (top row) do not produce a plasmonic 

response at any electron loss energy (A  D). However, fully purified Au FEBID disks (central row) 

clearly reveal surface plasmon resonances. A direct comparison of the EEL signal originating from the 

disk centre of as-deposited and fully purified FEBID disks (see indication in column D in Figure 3a) is 

given in Figure 3b. Note, the central plasmon activity indicates the presence of the so-called 



ACS Applied Materials and Interfaces, 2016  Article 

 

Page 8 

 

breathing mode43 which is characteristic for such geometries. Comparing the purified FEBID disks 

(central row) with the Au EBL reference disks (bottom row) a very similar qualitative behaviour is 

observed43,59. Starting at low energies the expected dipole (A), quadrupole (B) and hexapole (C) 

resonances are clearly observed 55–58. In addition, the breathing mode (D) is observed for both 

fabrication methods. As expected, distinct peak shifts to higher energies were observed with 

decreasing disk size as shown in the EEL spectra in Figure 3c for pure FEBID disks (left) and Au EBL 

reference disks (right). Here EEL spectra originating from the edge region along the disk 

circumference are displayed. While the dipole (A) and quadrupole mode (B) are well resolved in both 

set of spectra, the hexapole mode (C) is only visible in the EBL reference data set for the larger disk 

diameters. The corresponding EEL map (C) at an energy of 1.6 eV in Figure 3a (centre row), however, 

clearly shows a ring shaped distribution similar to the hexapolar EEL map of the EBL reference 

(bottom row) which confirms the formation of the hexapole mode in fully purified FEBID disks as 

expected. The main differences between FEBID and EBL disks are two-fold. First, slightly less 

pronounced plasmonic peaks are observed for the fully purified FEBID disks (Figure 3c, left curves). 

The reduction in peak sharpness and intensity originates from the slightly rougher edges for purified 

FEBID disks as evident in the HAADF image in Figure 3a. As this is equivalent to a superposition of 

slightly different diameters within one structure, the peaks in the EEL spectra are broader and less 

intense. The second deviation between EBL and FEBID disks is a general peak shift to lower energies 

for purified structures. We attribute this effect to the smaller nano-grain sizes for FEBID based 

materials as reported in literature before60 but also to very small nano-voids possibly formed during 

fabrication and / or purification. Despite these slight deviations, these results clearly demonstrate 

that fully purified FEBID based Au disks exhibit the critical characteristics required for plasmonic 

applications. Besides the fact that we here fulfilled the long lasting promise of FEBID concerning the 

on-demand fabrication of plasmonically active Au nanostructures, this achievement paves the way 

for the expansion to free-standing 3D arachitectures as first ever demonstrated in the following.  
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3D Plasmonics 

First, free-standing, TBPs have been synthesized via FEBID´s 3D-nano-printing capabilities as shown 

by TEM and SEM images in Figure 1g, 1n, 2b and 4a. These 3D Au-C TBPs were then transferred into 

pure gold via the electron-stimulated H2O purification process described above. Although free-

standing 3D purification requires higher electron doses as well as reduced dwell times and lower 

purification rates to prevent structural collapsing (see Supporting Information 4), this approach is 

capable of yielding intact 3D TBP geometries as shown Figure 4a. High-resolution TEM (Figure 4b) 

confirms the highly compact inner structure, reveals branch diameters of approximately 25 nm and 

indicates minimal surface contamination after the purification process of less than 1 nm. In 

preparation for plasmonic characterization via STEM-EELS, pure gold TBP structures were fabricated 

on copper TEM grids with a 300 nm thick insulating SiOX
23 spacer layer (see Supporting Information 1) 

to prevent electrical contact between TBPs and the substrate. As summarized in Figure 5, fully 

purified Au TBPs reveal strong plasmonic activity, while no plasmonic response was observed for as-

deposited Au-C TBPs. Specifically, Figure 5a gives a HAADF survey image of a fully purified 3D TBP 

structure together with correlated and deconvolved EEL maps at different electron loss energies in 

Figure 5b-d which confirms the surface plasmon resonances (see also Supporting Video). The first 

noteworthy detail is the symmetric appearance of plasmon modes across the TBP structure which 

exhibits the precision of initial FEBID fabrication and the minimally disrupting purification procedure 

with respect to the local dimensions (see Supporting Information 4). As intended by the TBP design, 

highest plasmonic activity was found at the branching areas and the tip region due to 

superpositioned oscillations from the involved branches (see Figure 5 and Supporting Video). This 

becomes also evident in Figure 6 which shows two unprocessed raw EEL spectra taken from two 

different regions-of-interest at a free-standing double-branch structure as evident from the survey 

image (inset top right). The corresponding EEL maps were taken from 0.68 eV and 1.29 eV (see 

dashed lines at the red and blue curve, respectively) which again reveals the highly localized 

plasmonic activity. Particularly noteworthy is the fact that even the here shown as-acquired raw data 
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clearly reveal the plasmon peaks further indicates the high material quality after purification (Figure 

6). Together with FEBIDs high flexibility in overall and local 3D design (see Figure 1a-e and Supporting 

Information 2) the here proposed 3D nano-printing approach might open up entirely new 

possibilities for fundamental science in the field of optical resonance beyond current limitations.  

 

Conclusion 

The application of free-standing, 3-dimensional, plasmonically active architectures with spatial 

nanometer resolution strongly relies on proper synthesis methods. Although different approaches 

have been used to generate plasmonic nanostructures, they are restricted to precisely placed quasi 

planar features in the case of lithographically methods or complex geometries with no ability to 

control their placement in the case of wet chemical processing. Here we successfully demonstrated 

an innovative direct-write, bottom-up synthesis approach which allows the on-demand fabrication of 

complex, free-standing 3D nano-structures composed of pure gold for plasmonic applications. The 

latter can range from device oriented integration on practically any surface towards fundamentally 

oriented studies concerning 3D plasmonics which, e.g. in combination with 3D TEM tomography, 

might enable entirely new physical insights. Beyond plasmonics, FEBID based 3D nano-printing can 

be considered as a generic approach for nanoscale 3D fabrication with the potential to push the 

limits of nanoscale optical, mechanical, magnetic, and even multi-functional 3D metamaterials 

beyond current limitations.  
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Methods 

Fabrication general: focused electron beam induced deposition (FEBID) was performed on a NOVA 

200 dual beam instrument (FEI, The Netherlands) equipped with 5 FEI gas injection systems (GIS). 

Silicon dioxide was deposited from Tetraethyl orthosilicate (TEOS, CAS: 78-10-4), inserted via a nozzle 

at 52° with relation to the substrate and a vertical distance of 120 µm. For Au-C deposition the 

precursor material Me2Au(acac) (acetylacetonate- dimethyl-gold(III), CAS: 14951-50-9) and for Pt-C 

deposits MeCpPt(IV)Me3 (CAS: 94442-22-5) was used with similar spatial arrangement. Au- and Pt-

based precursors were heated to 30° and 45°C, respectively, for at least 30 minutes prior to any 

deposition. The long axes of the GIS nozzles were aligned in such way that they coincide with the 

beam centre. The nozzle angles with relation to the surface were 52° for Au and 38° for the Pt-GIS. 

For a symmetrical gas replenishment situation, scan rotation was applied in such way that scan 

direction was perpendicular to the nozzle main axes. Beam focusing was carefully done at high 

magnification by deposition of small pillars (5 seconds) in close proximity to the region of interest 

until pillar diameters below 40 nm and 50 nm for Au and Pt, respectively, were achieved in top view. 

Prior to any deposition the stage was not moved for at least 15 minutes and gas flux was turned on 

for at least 5 minutes before any fabrication step. In general, electron exposure of the region of 

interest was reduced to a minimum in order to prevent contamination. Base pressure of the dual 

beam chamber was 3*10-6 mbar while the background pressure increase to 6*10-6 mbar and 1*10-5 

mbar for Au- and Pt-based precursor, respectively. For preliminary purification tests, FEBID 

structures were deposited on carefully pre-cleaned 1x1 cm² silicon wafer with a 3 nm SiO2 top layer.  

Fabrication of Au-pads and -disks: 2x2 µm² Au-C pads with heights ranging from 60-150 nm were 

deposited with 5 keV, 1600 pA, 100 µs dwell time, 13 nm point pitch using serpentine scanning with 

the slow scan axis direct towards the GIS (these pads were used for purification studies as discussed 

in Supporting Information 3). Au-disks for plasmonics were fabricated with 30 keV, 150 pA, 5 ms 

dwell time, and 5 nm point pitch using serpentine strategies with the slow scan axis directed to the 

GIS. All disks were directly fabricated on plasma pre-cleaned TEM grids with 15 nm thick Si3N4 
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membranes (Ted Pella; Prod-Nr: 21569-10). Gold reference nano-disks were prepared by electron 

beam lithography (EBL) in a RAITH e-line system using a poly(methylmetacrylate) resist on a 15 nm 

thick Si3N4 membrane and a standard gold evaporation and lift-off procedure54. 

Tetragonal-bipyramids fabrication: A copper TEM grid with a rectangle hole was cut into half and 

clamped flat on a specimen holder. For a better visibility in the ESEM and correlation of the 

fabricated structures at the TEM, slits in a distance of about 20 µm were initially milled with the 

focused ion beam using 30 kV, 20 nA and 52° stage tilt. The grid was then mounted upright in a SEM 

stab and both edges chamfered for 12° (30 kV, 5 nA, stage tilt 40°) to remove any material that might 

cast a shadow during TEM investigations. Next, silicon dioxide squares (1.5 x 1.5 µm², 300 nm in 

height) were deposited from Tetraethyl orthosilicate (TEOS) precursor in combination with H2O 

water at primary energy of 5 kV and a beam current of 6.3 nA. Finally, small markers were cut (30 kV, 

500 pA), indicating the location of the pads to ensure visibility in ESEM mode. TBP fabrication was 

done at 30 keV, 21 pA and a PoP of 0.5 nm using the parameters and patterning strategies specified 

in the Supporting Information 1. 

Purification: purification was done in a QUANTA 200 ESEM (FEI, The Netherlands) right after 

fabrication. The beam current was determined with a Faraday cup in high-vacuum mode, purification 

was performed in ESEM-mode at a water vapour pressure of 10 Pa stabilized for at least 30 minutes 

prior to purification without e-beam exposure. Au-C pads were purified with primary energy of 5 keV, 

a beam current of 1.9 nA, a point pitch of 6 nm and a dwell time of 1 µs. Disks for plasmonic 

investigations were purified of 5 keV, 0.5 nA, a DT of 1 µs at a PoP of 6 nm. Total electron doses of 

28 C\cm² were applied for all pads and disks. 3D purification was done at with 5 keV, 1.2 nA, a DT of 

1 µs and a PoP of 4 nm. Electron doses varied from 5 C/cm² to 200 C/cm².  

Characterization: AFM characterization was done with a FastScan Bio AFM microscope in tapping 

mode and soft repulsive conditions using AFM tips with spring constants of 4 N/m (Bruker AXS, CA, 

USA). Post-processing was done with Bruker Nanoscope software. EDXS was performed with a Si(Li)-
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detector (XL-30 EDXS system; EDAX; USA) in a QUANTA 200 ESEM (FEI, The Netherlands). For C/Au 

ratio determination a semi-quantitative approach was used35,36,38. EELS measurements were 

performed in a FEI Tecnai F20 transmission electron microscope with a monochromated 200 keV 

electron beam of 100 - 150 meV energy spread (full-width-at-half-maximum, FWHM). EEL spectra 

were recorded in the STEM-EELS mode58 with an energy dispersion of 10 meV/channel in a high 

resolution Gatan Imaging Filter equipped with a 2048x2048 pixel CCD camera. The EEL data shown in 

Figure 5 were further improved by a Richardson-Lucy deconvolution (MathWorks Matlab, deconvlucy 

function), implemented in a homemade analysis program (“SI analysis tool - A flexible MATLAB tool 

to analyse spectrum images”, available at http://esteem2.eu in the section “Software”). All EEL maps 

shown in this work are integrated over an energy range of 100 meV.  
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Figure 1 

 

Figure 1: The route towards 3D plasmonic Au structures. (a-e) demonstrates FEBIDs 3D nano-printing capabilities via SEM 

images: (a) replica of the glass pyramid of the Louvre with nano-branch diameters of ~50 nm; (b-c) demonstrating FEBIDs 

direct-write capabilities of complex 3D nano-structures on highly exposed, non-flat areas (mineralic nanowires); (d-e) on-

demand fabrication of free-standing nano-architectures which are extremely challenging or even impossible with 

alternative techniques on that scale. (f-h) illustrates the approach towards purely metallic 3D objects imaged via bright-field 

TEM: while as-deposited FEBID materials reveal the typical nano-granular composition of metal grains (dark spots) 

embedded in a carbon matrix (f), the latter is entirely removed by e-beam exposure in water vapour environments (g) 

leading to highly compact, crystalline gold structures (h). This paves the way towards planar plasmonics in a first step, 

illustrated in (i-l): the application of the purification process (g) transforms as-deposited Au-C disks (i, HAADF image of a 400 
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nm wide disk) into pure Au materials (j) switching from no plasmonic response (k, STEM EEL map at 1.4 eV taken from i) to a 

strong plasmonics activity (l). After confirming the plasmonic suitability of FEBID based materials in principle, the process is 

transferred to free-standing 3D tetragonal-bipyramids (TBP, see also inset in g): after intial 3D nano-printing of TBP’s (m, 

tilted SEM image), the structures are purified with the same approach (g) leading to compact 3D Au structures (n, tilted 

SEM image), further investigated via STEM EELS measurements which reveal strong plasmonic activity for FEBID based true 

3D nano-architectures (o, STEM EEL map at 1.35 eV). Note the surface contamination after purification (n) is a SEM-only 

feature and absent if directly using TEM.  
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Figure 2 

 

 

 

Figure 2: Application of advanced patterning strategies to achieve predictable and reproducible 3D nano-architectures. (a) 

in a continuous growth strategy, each single branch is grown individually as outlined in the top scheme (see numbers and 

arrows). The result are entirely collapsed structures as evident by top- and side view SEM images.To get stable 3D growth as 

shown in the SEM images in (b), an interlaced patterning sequence is introduced which grows all four branches almost 

simultaneously by systematic patterning jumps, as indicated on top of (b) for a two branch structure in a side view (see also 

arrows). Note, both structures used same number of patterning points, DTs, PoPs and total fabrication times as only the 

patterning sequence has been changed which demonstrates the high importance for the fabrication of more complex 

structures as shown in Figure 1a-e. 
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Figure 3 

 

 

Figure 3: EEL maps and spectra of FEBID and EBL disks. (a) HAADF survey images (left column) together with corresponding 

EEL maps at increasing electron loss energies (column A – D) for as-deposited gold disk (thickness 60 nm, diameter 400 nm, 

top row), fully purified disk (height / diameter decrease to 30 nm / 350 nm, central row) and EBL gold disks (same 

dimensions as for purified disk, bottom row). (b), direct comparison of EEL spectra acquired at the centre of as-deposited 

and fully purified FEBID disks (see (a), column D). (c), EEL spectra acquired along the disk circumference of fully purified 

FEBID and EBL disks for different disk diameters.  
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Figure 4 

 

 

 

 

 

Figure 4: Purification of free-standing gold-nanostructures. (a) purified tetragonal bipyramid geometry. (b) High-resolution 

TEM image of a fully purified 3D-FEBID structure exposing highly compact and crystalline gold branches with diameters 

below 25 nm and surface contamination layers of less than 1 nm. 
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Figure 5 

 

 

 

 

Figure 5: Plasmonic response of FEBID based 3D Au nanostructures. HAADF survey image (a) together with EEL maps 

revealing the plasmonic activities at different electron loss energies (see indications in b-d and also see Supporting Video). 

Noteworthy are the widely symmetric appearances which reveal the high precision after initial fabrication and also the 

minimally invasive character of the material purification.  
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Figure 6 

 

 

 

Figure 6: unprocessed EEL spectra on a fully purified 3D Au structure taken from the tip region (red) and the branched area 

(blue) as indicated in the HAADF survey image top right. While the clear appreance of plasmon peaks in uncorrected spectra 

indicate the high material quality, the EEL maps insets give laterally resolved information at energy losses of 0.68 eV and 

1.29 eV confirming the highly localized plasmonic acitivites.  

 


