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1  Introduction
The synthesis of ferromagnetic nanostructures has 
received great attention over the past few years. These 
structures are usually manufactured by lithographic 
structuring of a substrate, blanket deposition of the 
desired magnetic material and a subsequent lift-off 
process [1,2]. As a successful alternative to this multi-step 
procedure, focused electron beam induced deposition 
(FEBID) allows the mask- and resist-less nanofabrication 
of planar and three dimensional (3D) structures [3]. In 
FEBID, the focused electron beam (FEB) of a scanning 
electron microscope (SEM) locally supplies the energy 
needed to activate the precursor and induce a local 
chemical vapour deposition process. The direct-write 
nature of FEBID enables high flexibility in the (three 
dimensional) design of the deposited objects, avoiding 
complex and time-consuming multi-step lithography 
processes [4,5]. This makes FEBID an excellent candidate 
for research and prototyping applications, such as 
circuit editing or the design and fabrication of various 
nanosystems, e.g., in sensing applications as well as 
data-storage and processing [6–8]. In FEBID a variety of 
precursors containing magnetic elements is available [3,5]. 
High purity magnetic materials based on Fe and Co were 
already synthesized by FEBID using carbonyl (CO) based 
precursors, for their application in magnetic sensing and 
logic technologies [8,9]. The choice of these chemicals is 
driven by the relatively “clean” decomposition path and 
their high volatility [3]. It has been shown [3, 10, 11] that 
precursor flow as well as the FEB current are important 
factors effecting chemical and geometric properties of 
the deposit. To further enhance the growth rate using 
CO-based substances, a sufficiently high precursor flux 
is necessary [12]. For this reason the whole gas injection 
system (GIS) is often heated up in order to increase 
the vapour pressure and thereby precursor flux to the 
deposition area [13]. However, temperature gradients 
along the delivery system may lead to undesirable 
re-condensation or deposition of precursor molecules 
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onto the GIS sidewalls. In this work, we focus on the FEBID 
of Co from Co2(CO)8 on Si(100) substrate. Our approach 
consists of increasing the evaporation rate of precursor by 
keeping the atmosphere in the reservoir from saturating 
with precursor by removing the gaseous phase from the 
reservoir using nitrogen as a carrier gas.

This is expected to increase the flux of precursor 
molecules impinging on the substrate, enhancing the 
growth rate while avoiding any heating of precursor 
reservoir, gas-line or substrate. It is also crucial to find a 
suitable balance between the electrons supplied by the 
FEB and the amount of delivered precursor molecules to 
be decomposed by these electrons. This balance leads to 
deposition in one of two regimes - the precursor limited 
regime (PLR) and the electron (beam) limited regime 
(ELR). When working in the ELR, there is an abundance of 
precursor molecules, which means the deposition rate is 
limited by the ability of the electron beam to decompose 
them. The PLR on the other hand is limited by the amount 
of precursor available while there is an excess of electrons 
delivered by the FEB. Here we show how the use of an inert 
gas carrier allows the fine control of the chosen process 
regime, highlighting the advantages of ELR and PLR in 
terms of deposition rates and chemical composition. 

2  Methods
The focused electron beam induced deposition (FEBID) 
was performed in a Zeiss Leo1530VP scanning electron 
microscope equipped with a custom built gas injection 
system (GIS) (see Fig.1). This GIS enables injection of 
evaporated precursor from the precursor reservoir, 
supported by the carrier gas through a nozzle in close 
proximity to the substrate. The tip of the nozzle was about 
100 µm above the substrate and 95 µm offset laterally, 
with respect to the impinging spot of the electron beam. 

A mass flow controller in the carrier gas line of the GIS 
enables control over the flux of the carrier gas as main 
varying parameter. We measured the pressure, both in the 
GIS line as well as in the SEM chamber. The base pressure 
of the chamber when no precursor was injected was 3.4 × 
10-6 mbar. Nitrogen as a carrier gas was chosen because of 
its relatively inert properties. Without any carrier gas the 
precursor flux is limited by the temperature-dependent 
evaporation rate and the flow resistance of the GIS which 
resulted in a chamber pressure of Pchamber = 6.2 × 10-6 mbar. 
The GIS was purged through the bypass line (Fig. 1) for 
roughly 40 min with 5 sccm of N2. The carrier gas flux values 
used for the deposition were increased from 0  sccm, i.e. 
deposition without any carrier gas, to a maximum of 0.91 
sccm, which still allowed safe operation of our particular 
system (Pchamber ≤ 1 × 10-4 mbar). All other parameters, e.g., 
dwell time, pixel spacing and FEB current, where kept 
constant. Squares where deposited on Si(100) with a native 
oxide layer, using a Raith ELPHY Plus pattern generator to 
precisely guide the beam. The 1 x 1 µm2 areas were exposed 
by raster scan, using a pixel spacing of 5 nm and a refresh 
time between each line of 10 ms, resulting in a deposition 
time of roughly 3.5 minutes per square. In a separate 
experiment the FEB current was also varied between 50 pA 
and 1.64 nA by changing the condenser aperture of the SEM 
while the flux of carrier gas was kept constant. 

After deposition the sample was transferred to a second 
SEM, a Zeiss NEON 40 EsB CrossBeam system equipped with 
a 30 mm2 X-ray detector (EDS 7427) from Oxford Instruments, 
to perform chemical analysis by energy-dispersive X-ray 
spectroscopy (EDX) at 5 kV. During the transfer the sample 
was exposed to air for less than one minute and we expect a 
slight increase in oxygen content caused by a thin oxidation 
layer on the surface of the deposit [14]. Topographical 
analysis was performed by atomic force microscopy (AFM) 
using a Dimension 3100 system from Veeco/Bruker. 

Figure 1: Overview of the gas injection system, comprising of mass flow controller (MFC) to control carrier gas flux, precursor reservoir as 
well as bypass line and auxiliary vacuum pump. The auxiliary vacuum pump in combination with the bypass line allows efficient precursor 
purging independent of the SEM chamber.
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3  Results
The injection of precursor via a carrier gas flow is an 
unconventional approach for FEBID. It is not clear 
whether a precise adjustment of a chamber pressure can 
be achieved when using a carrier-gas system. For this 
reason, a systematic investigation of the resulting chamber 
pressure for each carrier gas flux was performed. The 
carrier gas flow is determined by a mass flow controller in 
the carrier gas line. A newly set precursor flux resulted in 
a new chamber pressure stabilizing within a few minutes. 
Figure 2 shows an excellent correlation between the set 
carrier gas flow and the resulting chamber pressure. 
This demonstrates that our setup enables an accurate 
control over the flux of the carrier gas as main varying 
parameter (see Figure 2). However, a higher chamber 
pressure does not necessarily imply a higher flux of 
precursor. This cannot be determined by a measurement 
of chamber pressure alone but only by actual deposition 
and subsequent investigation of the structures. To prove 
the difference in precursor fluxes by varying the nitrogen 
flux, 1 x 1 µm2 Co structures were synthesized. An SEM 
micrograph and corresponding AFM 3D plot of such a 
Co square deposit are shown in Fig. 3a and b. The self-
built GIS is not only equipped with a mass flow controller 
for the gas carrier injection, but also provides the 
possibility of purging the system with a supplementary 
bypass line as shown in Figure 1. Furthermore, the GIS 
can be evacuated through a secondary vacuum line 
(bypass), positioned before the SEM chamber. This 
avoids multiple purging cycles conventionally executed 
directly via the SEM vacuum system, and thereby limits 
the contamination in the chamber. AFM profile analysis 
of the deposited structures are shown in Figure 3c. It is 
widely acknowledged that the primary electrons (PE) from 
the beam are not the main reason for the decomposition 
of the precursor. Inelastic scattering with the structure or 
substrate will produce secondary electrons (SE1). These 
SE1 are primarily responsible for the growth of the main 
structures themselves [9,14]. Elastic scattering of the PE on 
the structure itself and on the substrate gives rise to the so 
called forward (FSE) and back scattered electrons (BSE), 
respectively. These BSE will themselves cause secondary 
electrons (SE2) by inelastic scattering with the substrate 
atoms. These SE2 and BSE are responsible for the formation 
of a so called halo layer, a thin, circular deposit around 
the actual structure itself [15]. In close proximity to the 
actual structure the thickness of the halo layer gradually 
increases, forming a smooth transition instead of a sharp 
corner at the base of the structure (Figures 3c, 3d). We 
assume this is due to a combination of the aforementioned 

secondary electrons, as well as a not infinitely sharp beam 
profile. Furthermore, it is clearly visible that halo layer 
immediately around the structures is not symmetrical. 
The side facing the nozzle from which the precursor 
flux is originating receives more precursor [12], which 
leads to a comparatively higher deposition at the base of 
the deposit. This asymmetry, while only slightly visible 
without carrier gas, becomes more pronounced at higher 
fluxes. We assume this is due to a slower replenishment 
of precursor on the side pointing away from the nozzle 
because the precursor flux is shadowed by the structure 
itself [12]. It is clear that a close attention must be paid to 
this phenomenon, especially in a case where functional 
structures are to be synthesized in close proximity to each 
other [9, 16]. The AFM profiles also show a stabilization of 
the height of the deposits with higher fluxes indicating a 
saturation of the growth rates with higher fluxes. 

A more detailed observation on this saturation of 
the growth rate is given by the volume variation of the 
deposits with the increasing nitrogen flux (Figure 4a). The 
deposited volume increases linearly with low fluxes, while 
stabilizing at higher values (above 0.40 sccm), indicating 
a transition from precursor-limited regime (PLR) to the 
electron-limited regime (ELR). Since the transition from 
the PLR to ELR was not accurately distinguishable in the 
volume trends by only varying the carrier gas fluxes, we 
also varied the beam current at a steady flux. The flux we 
have chosen for this variation in the beam current was 
0.38 sccm, which was the suspected transition point. This 
‘point of intersection’ is highlighted in Figure 4 and Figure 
5. For the variation of the beam current, we deposited 
1 x 1 µm2 square structures at the aforementioned flux and 
a constant exposure time. At low beam current values, 

Figure 2: Pressure in the SEM chamber at different values (0 sccm – 
0.91 sccm) of nitrogen carrier gas injected in combination with the 
precursor. The base pressure of the system prior to injection of any 
gas was Pchamber = 3.4 × 10-6 mbar.
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an ELR is established since a linear trend of the volume 
growth is observed (Fig. 5a). Further increase of the beam 
current to values > 0.5 nA stabilize the deposition rate to 
a maximum, meaning that the process is in a PLR. These 
measurements indicate that at the investigated flux value 
of 0.38 sccm and 1 nA of beam current, deposition is 
occurring in the PLR and the growth rate can be enhanced 
only by increasing the precursor flux. Therefore, the 
transition point must be at higher fluxes, namely between 
0.40 sccm and 0.45 sccm at Ibeam = 1 nA. 

Another crucial characteristic of the deposited 
structures is their chemical composition. Both, electrical 
applications as well as those based on magnetism require 
a high metal content. In Figure 4c the EDX spectrum 
of the Co square deposited at highest nitrogen flux 
(0.91 sccm) is shown. The main contaminants detected by 
EDX are O and C, while no traces of nitrogen have been 
detected. Particularly, O and C may both originate from 

residual precursor fragments that are incorporated in the 
structures and [17] from residual gas (RG) present in the 
SEM chamber. The RG in the high vacuum chambers is 
mainly composed of H2, He, O2, N2, H2O and C-containing 
species. In particular, these last carbonaceous species 
are incorporated in the structure during the FEBID 
process [18]. Furthermore, the parasitical deposition 
of C-contaminants can also occur during EDX analysis 
leading to an overestimation of the carbon content. 
Increasing the nitrogen flux, carbon remained largely 
constant, while the amount of oxygen increased 
significantly (Figure 4b). Particularly the increase in 
oxygen content with increasing flux is a symptom of the 
decreasing purity due to the incorporation of precursor 
that has not been fully decomposed by the electron beam 
(ELR) [10,11,17]. This assumption is supported by the 
fact that at higher beam currents oxygen contamination 
is decreasing significantly at constant volume (Fig. 5b). 

Figure 3: a,b) SEM micrograph and corresponding AFM 3D view of a 1 x 1 µm2 square deposited at a nitrogen flux of 0.87 sccm. c) Profile of 
the deposits synthesized at different fluxes from 0 sccm to 0.91 sccm along the dashed red line in the SEM micrograph. The arrow on the 
right hand side of the deposit indicates the position of the GIS-nozzle. d) Close up of the base of the structure, grey dashed lines indicate 
vertical sidewalls of the structure
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Figure 5: Deposited volume and chemical composition of the structures with constant flux of 0.38 sccm and varying beam current. Electron- 
and precursor limited regime are indicated in the figure. The highlighted point (red circle in a)) of intersection with previous experiments is 
clearly situated in the PLR.

Figure 4: a) Deposited volume and b) chemical composition trends of the structures deposited at different fluxes of nitrogen and a beam 
current of Ibeam = 1 nA. PLR and ELR have been observed at low and high fluxes of nitrogen, respectively. The darker grey area indicates a 
transition zone between the two regimes. Further experiments were performed at 0.38 sccm (red circle in a)) in order to correctly identify the 
transition point. c) shows a full EDX spectrum of a deposit created at a flux of 0.87 sccm, confirming the absence of nitrogen in the deposits.
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In this condition the FEB supplies enough electrons 
to better decompose the large amount of precursor 
molecules available - a transition to the PLR. Due to the 
planar structure of our deposits thermal effects caused by 
e-beam heating are assumed to be negligible, since most 
e-beam heating effects are reported in non-planar, tip-like 
structures offering a greatly decreased heat conducting 
path and at significantly higher FEB currents [19]. An 
important result of this work is the accurate definition 
of the transition from PLR to ELR. This provides a key-
advantage because while PLR deposits are typically of 
high purity but slow to deposit, structures synthesized in 
the ELR are usually characterized by fast deposition and 
decreased purity [10,17,20]. Both, a high rate of deposition 
reducing the processing time as well as a high purity are 
desirable. This point of transition can be regarded as 
a ‘sweet spot’ of maximum deposition rate without an 
unnecessary sacrifice of purity. 

4  Conclusion
We have demonstrated the feasibility of using a carrier 
gas as a precursor flux enhancer in FEBID for low vapour 
pressure precursors such as Co2(CO)8 at room temperature. 
This increase in precursor flux allows increased and more 
controlled deposition rate by varying the working point 
with regards to the amount of available precursor gas, 
without the disadvantages brought on by the usually 
employed heating of the precursor. The precise control 
of gas supply is fundamental to tune the process regime 
for the desired application. For depositions where purity 
is crucial, the PLR should be chosen, although the 
deposition rate decreases. When purity is not the main 
focus, deposition rate can be improved by shifting the 
deposition further towards the ELR until the transition 
point is met. Beyond this point the deposition rate 
saturates and any further increase in the precursor supply 
unnecessarily contaminates the structures. Furthermore, 
this simplifies additional research in the topic of FEBID, 
since an accurate control of deposition regime is enabled 
by our strategy.

The presented method for enhancing the deposition rate 
by the use of a carrier gas is widely applied in CVD processes, 
e.g., thermal or plasma-activated. Hence, we believe that our 
strategy is potentially suitable for other classes of precursors 
characterized by a relatively low vapour pressure.

In future work, other types of reactive carrier gases 
will be examined, which are expected to influence not 
only the deposition rate, but also the chemistry of the final 
deposit.
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