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Abstract

In recent years Focused lon Beam (FIB) processing has been developed into a well-established
and promising technique in nearly all fields of nanotechnology for patterning and prototyping on
the pum-scale and below. Liquid Metal Alloy lon Sources (LMAIS) represent a promising
alternative to expand the FIB application fields beside all other source concepts. The need of
light elements like Li was investigated using various alloys. A promising candidate is a
GassBigoLis based LMAIS which is introduced in more detail and operates stable for more than
1000 pAh. It enables high resolution imaging and patterning using Li and sample modification
using Ga or heavy polyatomic Bi clusters, all coming from one ion source.
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I. INTRODUCTION

Focused lon Beam (FIB) devices are essential instruments in nano-technology for local surface
modification, doping, prototyping as well as for ion beam analytics. A crucial part of a FIB system
is the ion source [1]. The Ga liquid metal ion source (LMIS) dominates the instrumentation, but
the requirement for other ion species for different nanoscale applications is still increasing [2]. An
important element of interest is lithium, the lightest metal in the periodic table, suitable for
application in LMIS with respect to high resolution imaging and ion beam processing. Light ions
can transfer enough energy to a specimen to induce chemical reactions that result in etching or
deposition down to 1 nm [2, 3]. The melting point of Li amounts to T = 180.5°C with a vapor
pressure of about 10 mbar, but increases strongly with temperature. This behavior requires a
careful operation during preparation and operation of the Li LMIS. Lithium has two stable
isotopes with a mass of 6 amu (7.4% natural abundance) and 7 amu (92.6% natural
abundance). They can be easily separated by a Wien filter also known as velocity or ExB mass
filter. The energy spread of a LMAIS depend on the emission current, the temperature and the
ion mass to the power of 1/3 and should be for Li in the range of 2 eV [4] which guarantees a low
chromatic aberration of the FIB. This could be experimentally confirmed to about 2 eV at 1 pA
emission current from a GassBisoLis LMAIS [5]. The small energy spread is important to minimize
chromatic aberrations. Highly focused ion beams on the nm-scale are very promising for ion
lithography [6] as well as for ion beam analysis, for instance high resolution Rutherford
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Backscattering Spectrometry (RBS) [7] or channeling [8]. In the last decades numerous efforts
have been made to test high brightness Li ion sources on quiet different bases of pure lithium, of
lithium containing alloys or lithium compounds. To overcome the difficulties of handling the
chemical active lithium an in-situ rewetting of the needle by shifting it into the molten material
was applied [8, 9]. Another approach was the permanent heating and cleaning of the emitter tip
by electron bombardment [10] which was used for bimetallic cluster ion emission from liquid
metals like Li-Na and Li-Mg [11]. A wide range of attempts for a Li LMAIS were carried out using
certain compounds as source material. Among others LiBO, [12], LiNO; [13] and Li,CrO, [14]
were applied and tested. Unfortunately, only small extent about details of operation is published
especially the source live time was never mentioned in these references. Although this
contribution is focused mainly on Li LMAIS, other investigated source types should also be
mentioned. A Cs sputter source for negative Li ions for tandem accelerators was reported [15].
Controlled continuous Li surface diffusion from a Li covered shank to the apex of a <111> W tip
[16] was used to operate a field emitter like in a Helium lon Microscope (HIM) [17]. An alternative
and promising solution for Li-FIB application was presented using a Magneto-Optical Trap lon
Source (MOTIS) delivering nm-resolution from laser-cooled Li atoms [18].

1. EXPERIMENTAL

Standard hairpin emitters were fabricated from 250 um metallic wires (see table 1) and spot
welded on a filament. The tip was mechanically sharpened to a final radius of 3 — 5 pm. The
emitters were cleaned by heating to 1200°C in UHV and then wetted in a crucible with the
certain materials listed in table 1. Those materials were selected according to the phase
diagrams of low temperature melting Li-alloys and stable other binary ones able to absorb a
small amount of Li [19]. A first test of emission was then performed always in the same
geometry. The slowly heating of the emitter is necessary to obtain a homogeneous temperature
distribution in the source reservoir.

Table 1: Source materials, melting temperature, emitter tip material and emission behavior.

Source material T et (°C) Emitter Useable Li beam
Li 180.5 Ta, Ti -
Ga35Bi50Li5 222 Ta, W +
|neoBi30Li10 230 Ta +
Gagoln2oShyo + Li (Galinstan + Li) 200 Ta +/-
SngsLi5 222 Mo, Ni +
Li,CO; (Li-Carbonate) 720 Ta -
AusLigs 155 Ti -
BigGLi14 243 Ta -
PbgsLise 235 Ti ;

Successful working emitters (marked with a “+” in Tab. 1) were introduced in a cartridge and
installed in an analytic test-FIB described in [20]. Measurements of the |-V characteristics, the
mass spectrum, current stability, live time and the energy distribution for each ion species
depending on the emission current were carried out.




IIl. RESULTS AND DISCUSSION
A: Li rich materials

As a first attempt pure Li was tested on different needle materials. Due to the high chemical
affinity the handling in atmosphere as well as the exposure to the residual gas in the high
vacuum chamber (<10® mbar) is problematic. The wetting of the needle tip resulted in a very
fragmentary film. The Li became a porous structure, possibly induced by outgassing. The aim
was to keep the temperature at all time below 250°C, since an increase in temperature leads to
evaporation of the Li material. Preparation and storing under Ar atmosphere could not overcome
the difficulties. Similar behavior was found for Li,CO; (Li-Carbonate), AuslLigs, BigsLiz4 and
PbgsLiis which were not wettable or could only be operated for a short time due to chemical
disintegration of the source material or the needle tip. Another approach was to solve about
5 at% Li in GagolnaoSnso (Galinstan) which has a melting point of only -11°C. Galinstan is liquid at
room temperature which can be a problem during transportation. The source was operated at
200°C, above the melting point of Li, but over time high melting components formed on the tip
limiting live time of the ion source. Alloys such as Gesgliso or Au,;Sijglis were also considered
but rejected due to the high melting point of 528°C and about 400°C, respectively. The high
temperatures would possibly lead to Li outdiffusion. Likewise AgioLig (Tm = 145°C) or GasLigy
(Tmer = 180°C) as high content Li materials behaved like pure Li and therefore could not be
established in a LMIS (marked with “-” in Tab.1).

B: Ga35Bi60Li5 and |neoBi30Li10

The characterization and investigation of a GassBigoLis LMAIS, prepared by adding of Li to the
stable binary alloy, was described earlier [5]. It should be mentioned that in all working Li
containing sources no double-charged Li ions could be found. Whereas the first ionization
energy of Li is 5.4 eV, the second is already as high as 75.6 eV [21] prohibiting the emission of
Li®* ions. The ion source was operated stable over more than 1000 pAh in a VELION FIB-SEM
(Scanning Electron Microscope) system (Raith GmbH) [22]. The stability measurements showed
fluctuations below 1% over 3 hours (Fig. 1a). All ion species can be clearly mass separated as
demonstrated in Fig. 1b with a Li ion beam of up to 100 pA.
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Fig.1: Stability of "Li probe current from GaBiLi LMAIS over 6 h at 35 keV (a) and the
corresponding mass spectrum of the GaBiLi LMAIS in the VELION system (b).

The Li-FIB performance was investigated by imaging and milling of circular holes (d = 125 nm)
into 1x1 pm2 gold squares on a silicon bulk sample (chessy target from Plano GmbH). The
thickness of the gold structure is 100 nm. The secondary electron (SE) image of the gold
structure obtained by scanning the focused Li* ion beam is shown in Fig. 2. The beam diameter
is about 4 to 8 nm corresponding to 1 — 2 pixel shown in the inset of Fig. 2a. Also this beam can
be applied to fabricate features with resolution as small as about 10 nm in width. The milling of
7 circles with a “Li ion beam at an energy of 35 keV and a current of 3 pA is presented in Fig. 2b.
The patterning took 40 s and results in a sputtering coefficient of about 0.5 for Li in Au. At the
given parameter set the SRIM code provides a coefficient of 0.4 [23].

200 nm

Fig. 2: FIB-SE image of a gold structures using a 35 keV ’Li beam. The inset in (a) shows a line
profile revealing a resolution of 4 — 8 nm. 7 milled circles with a diameter of 125 nm in a
100 nm Au film (b).



The IngoBigoLizp LMAIS was derived from the experience of a stable working GassBigoLis source
taking additionally the In-Bi phase diagram into account. The mass spectrum of this source is
shown in Fig. 3 measured with the test FIB [20]. The Li* intensity is about 0.5% of the **In*
peak. The separation of the ***In* and the ®Bi™ species could be a problem in FIB columns with
low mass separation capability. The behavior of this source due to the Li beam was comparable
to the GaBiLi LMAIS.
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All investigated low melting and low Li containing binary alloys were studied by the phase
diagram [19]. Among them, SngsLis is a promising candidate. In the eutectic point at 222°C the Li
concentration is only 5% (Fig. 4a). The corresponding mass spectrum of the SngsLis LMAIS is
shown in Fig. 4b. The intensity of the Li ions is comparable to that of the Sn™ peak. The Na*
peak is revealed to be a residue from the production of pure Li material, in which Ni is dissolved
material from the used emitter needle. The |-V characteristic of a SngsLis LMAIS (not shown) has
a typical behavior for a LMIS. The up and down measured curve is nearly congruent with a slope
of 0.041 pA/V. The source could be operated in the test-FIB in a very stable manner but the
source life time was limited to lower than 10 pAh. Additional work is required to increase the
lifetime of the source. The energy spread for the °Li* isotope at 1 pA emission current could be
determined to 3 eV using a retarding field analyzer [20]. The increase of the energy spread with
increasing emission current is also quite flat compared to the well-known Ga-LMIS [2, 5] which is
advantageous for a stable source operation working with higher emission currents due to lower
chromatic aberration.
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Fig. 4: Phase diagram of a Li — Sn alloy [19] (a) and mass spectrum of a SngsLis LMAIS obtained
in the test-FIB (b).

IV. SUMMARY AND CONCLUSIONS

The investigation of Li containing alloys with the aim to fabricate a long lasting and stable Li
LMAIS results in three feasible solutions namely GassBigolLis, IngoBisoliio and SngsLis. The first
one was tested under real practical conditions in a VELION FIB-SEM system (Raith). The source
life time was longer than 1000 pAh and a first application showed a beam spot of 4 - 8 nm so far.
This LMAIS has several applications in mass-filtered FIB like implantation, high rate sputtering,
surface patterning, ion lithography or as primary ion for SIMS. The fast switching between the
certain ion species from Li — very light to Ga — medium and finally to Bi — quite heavy, leads to
remarkable expansion of the application spectrum of FIB technology.

Acknowledgement

The authors would like to thank the German Federal Ministry of Economics BMWi for financial
support under grant no. ZF4330902DF7.

References

[1] J. Gierak, Focused ion beam technology and ultimate applications, Semicond. Sci. Technol.
24, 043001 (2009).

[2] L. Bischoff, P. Mazarov, L. Bruchhaus, and J. Gierak, Liquid Metal Alloy lon Sources - An
Alternative for Focused lon Beam Technology, Appl. Phys. Rev. 3, 021101 (2016).

[3] J. Mitterauer, Prospects of lithium liquid metal ion sources in nanometer-scale focused ion
beam technology, 9" International Vacuum Microelectronics Conference, St. Petersburg,
Russia, 1996

[4] Y.G. Kim, Y.S. Kim, E.H. Choi, S.O. Kang, G. Cho, and H.S. Uhm, Temperature effects on
the energy spreads in liquid metal ion sources, J. Phys. D: Appl. Phys. 31, 3463 (1998).

[5] L. Bischoff and Ch. Akhmadaliev, An alloy liquid metal ion source for lithium, J. Phys. D:
Appl. Phys. 41, 052001 (2008).




[6] L. Bruchhaus, P. Mazarov, L. Bischoff, J. Gierak, A.D. Wieck, and H. Hével, Comparison of
Technologies for Nano Device Prototyping with a Special Focus on lon Beams — A Review,
Appl. Phys. Rev. 4, 011302 (2017).

[7] N. Klingner, R. Heller, G. Hlawacek, J. von Borany, J. Notte, J. Huang and S. Facsko,
Nanometer scale elemental analysis in the helium ion microscope using time of flight
spectrometry, Ultramicroscopy 162, 91-97 (2016).

[8] P. M. Read, J. T. Maskrey, and G. D. Alton, A lithium liquid metal ion source suitable for high
voltage terminal applications, Rev. Sci. Instrum. 61, 502 (1990).

[9] E. Hesse, F. K. Naehring and J. Teichert, A lithium liquid metal ion source with a narrow
angle emission for writing beam lithography, Microelectronic Engineering 23, 111 (1994).

[10] T. Noda, T. Okutani, K. Yagi, H. Tamura, H. Okano, and H. Watanabe, An
electrohydrodynamic ion source with a reservoir and an emitter tip heated by electron
bombardment, Int. J. Mass Spectrometry and lon Physics. 46, 15 (1983).

[11] Y. Saito and T. Noda, Bimetallic cluster cations ejected from a liquid metal: Li-Na and Li-Mg,
Z. Phys. D - Atoms, Molecules and Clusters 19, 129 (1991).

[12] Yu. I. Belchenko, V. I. Davydenko, G. E. Derevyankin, G. I. Dimov, V. G. Dudnikov, I. I.
Morosov, G. V. Roslyakov, and A. L. Schabalin, lon sources at the Novosibirsk Institute of
Nuclear Physics, Rev. Sci. Instrum. 61, 378 (1990).

[13] J. A. Panitz, A. L. Pregenzer, and R. A. Gerber, Electrohydrodynamic ion emission from
molten lithium nitrate, J. Vac. Sci. Technol. A 7, 64 (1989).

[14] S. Seki, H. Tamura, T. Akiba, and H. Sumiya, A Lithium Liquid Metal lon Source with a
Sealed-Cone-Type Reservoir, Jpn. J. Appl. Phys. 40, L78 (2001).

[15] N. R. Lobanov, Production of intensive negative lithium beam with caesium sputter-type ion
source, Nucl. Inst. Meth. B 415, 72 (2018).

[16] V. K. Medvedev, Yu. Suchorski, and J. H. Block, New type of metal ion source: Surface
diffusion Li" ion source, J. Vac. Sci. Technol. B 13, 621 (1995).

[17] G. Hlawacek, V. Veligura, R. van Gastel, and B. Poelsema, Helium ion microscopy, J. Vac.
Sci. Technol. B 32, 020801 (2014).

[18] B. Knuffman, A. V. Steele, J. Orloff and J. J. McClelland, Nanoscale focused ion beam from
laser-cooled lithium atoms, New J. Phys. 13, 103035 (2011).

[19] ASM International, Binary Alloy Phase Diagrams, 2" edition (1996).

[20] L. Bischoff, J. Teichert, S. Hausmann, T. Ganetsos, and G.L.R. Mair, Investigation and
optimization of the emission parameters of alloy liquid metal ion sources, Nucl. Instr. Meth. B
161-163, 1128 (2000).

[21] H. Kamp und R. Schrepper, Chemische Formeln und Daten, Klett-Verlag, 1995, S. 75.

[22] https://m.raith.com/newsletter-45/new-fib-sem-velion.html

[23] J. P. Biersack and L. G. Haggmark, A Monte Carlo computer program for the transport of
energetic ions in amorphous targets, Nuclear Instruments and Methods 174, 257-269 (1980).

\ Feldfunktion gesindert



https://m.raith.com/newsletter-45/new-fib-sem-velion.html

