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S1. Composition of FEBID Material 
Figure S1 presents the average composition of square deposits made during FEBiMS 

experiments. The composition was measured by using a combination of energy disper-
sive X-ray spectroscopy (EDXS) and wavelength dispersive X-ray spectroscopy (WDXS) 
methods, because the characteristic X-ray lines WM (1775 eV) and SiK (1739 eV) overlap 
in a standard EDX spectrum. Standardless EDXS gave the oxygen and carbon content (for 
O and C). WDXS gave the W content, using pure metallic standard from Ted Pel-
la(Redding, USA) for calibration. EDXS and WDXS were performed with 4 kV accelera-
tion voltage. Five square deposits made in comparable conditions (electron energy of 10 
keV and beam current of 8.9 nA). The scan strategy for FEBID was described in the ex-
perimental section of the manuscript (see Section 2.1) and comprised irradiation of the 
sample with serpentine strategy and the dwell time of 40 µs per pixel over an area of 20 
µm × 20 µm, divided into 256 × 256 pixels (which resulted in point pitch of 78 nm). Prior 
to deposition, the GIS valve was closed, and the Si wafer irradiated during 300 frames 
(300 correspond to about around 15 min). The GIS valve was opened for the next 300 
frames of irradiation (square deposition) and then closed during the final 300 frames for 
post-deposition irradiation (see Section 2.3). There were also three squares deposited 
without pre- and post-deposition irradiation to check their influence on metal content. 
The composition of these deposits differed only slightly, achieving 2.5 at.% of W, 88.5 
at.% of C, and 9.0 at.% of O. All measurements have an uncertainty on the level of 0.5 
at.%. The uncertainty was estimated as a maximal standard deviation of measurements 
taken from different squares made with the same deposition parameters. 

 
Figure S1. EDXS (black) and WDXS (red) spectra in the range between 1650 and 1950 eV of the 
typical deposit achieved during FEBiMS experiment. 
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Table S1. Elemental composition of the typical FEBiMS deposit. 

Element Atomic % 
W 1.5 
O 11.0 
C 87.5 

S2. Time Evolution of Mass Spectrum for Silver and Copper Carboxylates 
The time evolution of peak intensities is shown in Supplementary Figure S1. They 

show a delay period of around 100 s for Cu2(µ-O2CC2F5)4 and almost 1000 s for 
Ag2(µ-O2CC2F5)2 after the start of the irradiation, before ionic fragments could be de-
tected. The complete fragmentation of the irradiated volume was achieved after about 
600 s for Ag2(µ-O2CC2F5)2 and 300 s for Cu2(µ-O2CC2F5)4. The fragment intensity oscillates 
for both compounds, indicating that the fragmentation may not be continuous with time 
or that drifts occurred due to charging. 

 
Figure S2. Signal time evolution of irradiated grains: (a) Ag2(µ-O2CC2F5)2 and (b) Cu2(µ-O2CC2F5)4. 
Time t = 0 indicates the start of irradiation with the FEB (10keV, 30nA). 

 

S3. Study on Influence of TOF Electromagnetic Field 
To rule out a potential influence of the electric fields created by the ion extractor and 

the time-of-flight mass spectrometer on the composition and growth rate of the deposits, 
a series of deposition experiments were performed by using the TOF system (ion ex-
tractor and TOF-MS) in three operation modes: (i) positive ion detection, (ii) negative ion 
detection, and (iii) no operation. These three operation modes include different settings 
of voltages applied to the ion extractor and the TOF-MS which may influence the electron 
beam. The no operation mode does not apply extraction voltages to the ion extractor. 

All of the square deposits were written by using the same focused electron beam 
voltage of 10 kV, beam current of 5.2 nA (measured inside Faraday cup), working dis-
tance of 9.1 mm, and distance between the sample and the GIS. The scan strategy for 
FEBID was described in the experimental section of the manuscript. Prior to deposition, 
the GIS valve was closed, and the Si wafer irradiated during 300 frames. The GIS valve 
was opened for the next 300 frames of irradiation (square deposition) and then closed 
during the final 300 frames for post-deposition irradiation. The ion extractor was always 
inserted to avoid any differences in the geometrical factor. In total, seven 20 µm × 20 µm 
squares were deposited in the following order (see also Figure S3):  
1. Three squares without any voltage applied to the TOF system; 
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2. Two squares with voltages for positive mode detection of the TOF system; 
3. Two squares with voltages for negative mode detection of the TOF system. 

 
Figure S3. SEM top view image of FEBID square obtained from W(CO)6. The table shows the av-
erage composition of the sample in at.%, with 0.5 at.% of error margin prepared in each mode. 

Figure S3 presents the results of the combined EDXS and WDXS quantification (de-
scribed in the experimental section of the article). There is no significant difference in 
composition for the three TOF system operation modes. This suggests that the electro-
static fields generated to extract the ionic fragments to the TOF-MS do not influence the 
composition of the FEBID material.  

S4. Entire negative ion spectrum of W(CO)6 

Figure S5 presents the accumulated full-range negative ion spectrum recorded 
during W(CO)6 FEBID, including the pre-deposition and post-deposition irradiation step 
(each step 300 frames with GIS closed). The four most intense groups of peaks, repre-
senting W-containing ionic fragments, were described in detail in the main article (see 
Figure 6b). There are two single peaks at the low m/z range which are visible in the ex-
tended spectrum of Figure S5. The peak at m/z=16 corresponds to O− (or CH4−) ionic 
fragments, and the m/z=19 peak matches F− fragments. Fluorine most probably origi-
nated from the residual gases of the SEM chamber, as XeF2 is frequently used in this SEM 
for sample etching or FIBSIMS experiments. The spectrum was normalized to the highest 
intensity peak. 



 S5 of S6 
 

 

 
Figure S4. Entire negative ion spectrum of W(CO)6 collected during FEBID experiment (10 keV, 
30 nA). 

S5. Estimation of gas phase vs. adsorbed phase signal 
Ionization events, 𝐼, are proportional to the molecule concentration per volume, 𝑛, 

the ionization cross-section, 𝜎, and the length of the path, 𝑙, the electron beam traverses 
the volume filled with molecules, 𝐼~ 𝑛𝜎𝑙. The molecule concentration for the gas phase 
is 𝑛௚௔௦ = 𝑝/𝑘𝑇, with 𝑝 as the pressure, 𝑘 as the Boltzmann constant, and 𝑇 as the 
temperature. For the condensed phase, the concentration is 𝑛௔ௗ௦ = 𝜌𝑁஺/𝑀, with 𝜌 as 
the density, 𝑁஺ as the Avogadro constant, and 𝑀 as the molar mass. The background 
pressure inside the FIBSEM chamber was around 2 × 10ି଺ mbar. The chamber pressure 
was shortly about 1 × 10ିହ mbar right after opening of GIS valve and stabilized at 
around to 6 × 10ି଺ mbar during FEBID. Using the relation = 𝑆 ∙ ∆𝑝 , gives the precursor 
throughput, Q, through the GIS, with S as the net pumping speed and ∆𝑝 as the pressure 
difference to the background pressure. Dividing the throughput by the nozzle exit area 
yields the molecule flux, J, which can be converted into the local pressure, P, at the nozzle 
exit via the well-known relation 𝐽 = 𝑃𝑁஺ሺ2𝜋𝑀𝑅𝑇ሻଵ/ଶ, with 𝑁஺ as the Avogadro constant, 
R as the universal gas constant, and T as the temperature. Entering the natural constants 
and experimental values yields a local pressure at the GIS nozzle exit of 9.5 Pa, which 
corresponds to 𝑝 = 5 × 10ିଷ mbar on the substrate position where the FEB impinges 
(see Figure S6, below). We then enter other parameters, namely 𝑇 =  100 °C (reservoir 
and nozzle temperature), 𝜌 = 2.65 gcmିଷ, and 𝑀 = 351.85 g/mol, and the concentration 
ratio becomes 𝑛௔ௗ௦/ 𝑛௚௔௦ ≈ 5 × 10଻. As the ESD of ionized fragments from the adsorbed 
phase will probably not occur from a depth deeper than the two first monolayers, the 
travel path of the electron in the adsorbed phase can be taken as 𝑙௔ௗ௦ ≈ 1 nm, which is 
about the size of a metalorganic molecule. The travel path of the electron in the gas 
phase can be estimated from Figure S5 as 𝑙௚௔௦ ≈ 100 𝜇𝑚. This implies an electron path 
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ratio of 𝑙௔ௗ௦/ 𝑙௚௔௦ ≈ 1 × 10ିହ. For the adsorbed versus gas phase ratio of ionization 
events, this amounts, in our experimental conditions, to 𝐼௔ௗ௦/𝐼௚௔௦ ≈ 5 × 10ଶ ∙ 𝜎௔ௗ௦/𝜎௚௔௦.  

 
Figure S5. Simulated impinging gas flux in the FEBiMS arrangement. The gas injection nozzle is 
placed 200 µm above the substrate. The FEB impinges vertically (blue arrow) and secondary elec-
trons are extracted to the SE detector (gray arrow). 

 


