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Abstract

Focused ion beam (FIB) milling is a common fabrication technique to make nanostencil masks which
has the unintended consequence of gallium ion implantation surrounding milled features in silicon
nitride membranes. We observe major changes in film structure, chemical composition, and magnetic
behaviour of permalloy nanostructures deposited by electron beam evaporation using silicon nitride
stencil masks made by a FIB as compared to stencil masks made by regular lithography techniques. We
characterize the stenciled structures and both types of masks using transmission electron microscopy,
electron energy loss spectroscopy, energy dispersive x-ray spectroscopy, magnetic force microscopy and
kelvin probe force microscopy. All these techniques demonstrate distinct differences at a length scale of
a 1-100 nm for the structures made using stencil mask fabricated using a FIB. The origin of these
differences seems to be related to the presence of implanted ions, a detailed understanding of the

mechanism however remains to be developed.

(Some figures may appear in colour only in the online journal)

1. Introduction

The current standard techniques used for fabrication of sub-
micron device features include electron beam lithography [1,
2], interferometric lithography [2, 3], extreme ultraviolet
and x-ray lithography [2]. Nanostencil lithography can be
advantageous over lift-off techniques in that resist coating,
solvents and etching can be avoided [4, 5]. This reduces the
number of possible contamination sources, with the added
benefit of being able to prepare and analyse the sample
while maintaining ultra-high vacuum (UHV) conditions.
Stencil lithography can be used in static [6-9] or dynamic
mode [10—13] and is used in a variety of different applications
such as magnetic nanostructures [11, 14—16], fabrication
of in situ interconnects [17, 18], molecular beam epitaxial
deposition through a stencil mask [13, 19] and defining clean
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metal patterns [5, 7, 8, 20-22]. Nanostencils are commonly
fabricated by focused ion beam (FIB) techniques [4, 23].

In this work, we demonstrate that FIB-milled nanos-
tencils can lead to a substantial change in structure,
chemical composition and magnetic behaviour of resulting
nanostructures deposited by electron beam evaporation when
compared to the permalloy (NigiFejg) starting material. We
present a possible explanation attributing the changes in
structure and magnetic behaviour to electric charge of gallium
ions implanted in the mask surrounding milled features. The
change in chemical composition, although correlated with
FIB-milled nanostencils, is not presently understood.

2. Sample preparation

A dual column FIB and scanning electron microscope (FEI
strata DB-235, 30 kV, 10 and 30 pA ion beam current with
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Figure 1. Sample preparation schematic (not to scale). Black, grey, white and striped represent silicon, silicon nitride, permalloy and
gallium ions respectively. (a) A nanostencil mask is made by milling holes in a silicon nitride membrane using a FIB. (b) The nanostencil
mask is placed on top of the SiN membrane and permalloy is evaporated through the holes. The gap is due to imperfections in the stencil
and substrate such as dust particles or membrane warping. (c¢) The nanostencil is removed and permalloy nanostructures are left where the

nanostencil holes were located.

Figure 2. Bright field TEM images of: (a) permalloy nanostructures fabricated using the FIB nanostencil; (b) FIB-milled nanostencil used
to make (a) after permalloy deposition, with permalloy film visible featuring two morphology zones surrounding the milled hole, the inset is
a zoom in on the edge of the hole; (c) 1 um diameter permalloy dot deposited through a stencil mask made by conventional
photolithography; (d)—(f) higher resolution images of structures fabricated in the same way as (a)—(c) respectively.

dwell times of 12 and 4 s um™? respectively, base pressure of

5.5 x 10~7 mbar) was used to mill holes in a 100 nm thick SiN
membrane (Norcada NT025C) that was covered on both sides
with 10 nm of sputtered gold palladium (AuggPd4g by weight)
prior to FIB milling. Milling was done from the SiN side of
the membrane (as shown in figure 1(a)), the ion column was
used to mill the holes and the electron column was used to
image the resulting holes. The membrane was then brought
into contact with an uncoated SiN membrane and 20 nm
of permalloy (NigiFej9) was evaporated using an electron
beam evaporator (BJD 1800, deposition rate ~1 A s~!, or
an Omicron EFM3 electron beam evaporator, deposition rate
~0.05 A s71), as shown schematically in figure 1. All samples
were exposed to air before characterization took place. A
control sample was made using an uncoated SiN nanostencil
that was created using conventional photolithography (PL)
(Protochips DTM-25232, thickness 200 nm) instead of a FIB
to compare the effects of the FIB milling. Samples made using

the FIB-milled stencil and samples made using the PL stencil
were made with both evaporators.

3. Results and discussion

A transmission electron microscope (TEM) (Philips CM200)
was used to look at a FIB-milled nanostencil, the resulting
nanostructures after permalloy deposition as well as at the
sample made with the PL nanostencil, as seen in figure 2.
The TEM images show that there is a difference between
the permalloy growth in the deposited nanostructures made
with the FIB stencil (figure 2(d)) and the permalloy growth
in the nanostructure made with the PL stencil (figure 2(f)).
Figure 2(d) shows columnar growth perpendicular to the
film with gaps around each column, whereas figure 2(f)
has more of an isotropic growth. The permalloy growth of
the FIB nanostencil shows these two distinct growth modes
(figures 2(b) and (e)). The morphology of the nanostructure
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Figure 3. Bright field TEM images of (a) permalloy nanostructures 1 ;m in diameter, fabricated using the FIB nanostencil; (b) zoom in on

the edge of the black box shown in (a).

Figure 4. (a) MFM image of a 1 um in diameter 20 nm thick permalloy nanostructure in a 48 kA m~! in-plane magnetic field, lift height of
100 nm, colour scale 1.2 Hz, prepared using the stencil made by conventional photolithography. (b) MFM image of the permalloy
nanostructure fabricated by the FIB milled nanostencil, 400 nm by 200 nm by 20 nm in a 48 kA m~! in-plane magnetic field, lift height of
70 nm, colour scale 0.1 Hz. The inset is a non-contact atomic force microscope image of the nanostructure in (b), the z scale 25 nm.

made with the FIB stencil in figure 2(d) is very similar to the
morphology of the deposited permalloy near the FIB stencil
hole, as shown in figure 2(e) zone 2, both showing columnar
growth with gaps around the columns. The morphology of the
deposited permalloy made with the PL stencil in figure 2(f)
is very similar to the morphology far from the FIB stencil
hole, as shown in figure 2(e) zone 3, both showing a more
isotropic growth. Figure 3 shows a 1 um diameter structure
made using a FIB-milled stencil that shows the same growth
mode that is seen in figure 2(d). The structure from figure 3
was evaporated simultaneously in the same evaporator as the
sample in figure 2(f). This confirms that the differences are not
a result of a variation between different evaporation methods,
evaporation runs or exposure to air, but due to differences
in stencil masks as a result of FIB or PL based fabrication
processes.

Magnetic force microscopy (MFM) [24-26] was then
performed on both samples using a home built instrument
to measure their magnetic properties. Using the same MFM
cantilever (Smart Tip SC-35-M), the samples were scanned

at a constant lift height varying from 30 to 100 nm in an
in-plane external magnetic field of 48 kA m~!. Clear MFM
contrast is visible on the nanostructures made using a PL
stencil (figure 4(a)), while none of the nanostructures made
using a FIB-milled nanostencil (which range in size from
120 nm by 400 nm to 1 pum in diameter) showed magnetic
contrast (figure 4(b)). This effect was observed repeatedly
over many independent experiments and MFM cantilevers.
To understand what could be causing the differences in
the properties and structure, electron energy loss spectroscopy
(EELS) [27] measurements were made to determine the
composition of the permalloy and oxygen content. There
was a significant difference in composition; the samples
made with the FIB stencil had no iron within measurement
error whereas the sample made with the PL stencil had a
composition of Ni7743Fer343, which is close to the expected
composition of the evaporant (NigjFejg). Although nickel
has a lower saturation magnetization when compared to
permalloy, it is not sufficiently low to explain the lack
of MFM contrast. Nanostructures made using a FIB-milled
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Figure 5. Simultaneously acquired (a) non-contact constant frequency shift topography and (b) Kelvin probe microscopy images of the FIB
fabricated nanostencil. The image scale is 150 nm and 1 V for (a) and (b) respectively. Black represents positive charges and white

represents negative charges in the Kelvin probe microscopy image.

stencil and a PL stencil were also analysed to look at
oxygen content, as oxide has anti-ferromagnetic ordering
which would result in an absence of MFM contrast.
There was approximately three times the oxygen content
in the nanostructures made with a FIB-milled stencil when
compared to the nanostructures made with a PL stencil. The
bare SiN substrate was also measured on each sample and was
found to have the same oxygen content within experimental
error, which suggests that the oxygen differences are not a
result of differences in surface contamination or substrates.
To confirm that gold palladium was not responsible for
the adverse changes an additional sample was made using
the same PL stencil coated with gold palladium. The
resulting nanostructures had the same chemical composition
as the bare PL stencil, with clearly visible contrast in
MFM.

Electric fields are known to influence permalloy
growth [28], and gallium ions have been shown to implant
around FIB-milled features in silicon [29, 30]. Gallium
ions were found surrounding FIB-milled holes using energy
dispersive x-ray spectroscopy [31]. We propose that the
electric field from the gallium ions in this system is
perpendicular to the plane of film growth (in contrast to
the work by Bochkarev er al [28]). Because electron beam
evaporation is not a charge neutral process [32-34], we
suggest that the presence of an electric field could affect
the growth of charged permalloy species. The presence of
an electric field may also induce polarization in growing
islands during deposition and serve to encourage growth in the
direction of the field lines (normal to the plane of the surface)
through interaction with the polarized species deposited. This
hypothesis is supported by the TEM data collected, which
reveal that permalloy film grains surrounding FIB-milled
nanostencil features, as well as those within nanostructures,
appear circular, indicating cylindrical column growth out of
the surface plane. The inset of figure 2(b) also supports the
hypothesis as growth is seen to be perpendicular to the side of
the milled holes that is parallel to the expected electric field
at the edge of the hole. The cylindrical column growth is not

seen far from the FIB-milled areas where there would be no
gallium ions, as shown in figure 2(e) zone 3.

To verify the presence of an electric field in regions
where gallium ion implantation takes place, Kelvin probe
force microscopy was performed on a nanostencil mask [34,
35]. A variation of the surface potential can be observed in a
circular area 1.1£0.2 um in a diameter around the FIB-milled
area, as shown in figure 5(b), approximately the same size as
the area of zone 2 in figure 2(b). Positive gallium ions are
attributed to the dark region in figure 5(b) while the white ring
surrounding the hole is attributed to screening of gallium ions
by electrons in the AuPd layer.

Selected area electron diffraction (SAED) images were
then taken for each sample to get a quantitative measurement
of the differences in growth (figure 6). Each SAED was
radially averaged, the background subtracted and a Lorentzian
function was fitted to the (1,1,1) peak. The sample made
using a FIB stencil and the area on the stencil near the
FIB-milled hole (figure 2(e) zone 2) had a FWHM of

0.070 + 0.001 A~ and 0.067 + 0.001 A~ respectively.
In contrast, the FWHMs of the sample made with the PL
stencil and the FIB-milled stencil far from the milled hole
(figure 2(e) zone 3) are almost half the width at 0.034 +

0.001 A" and 0.038 +0.001 A_l, respectively. This increase
in width of the (1,1,1) peak could be attributed to a decrease
in grain size [31], or a result of NiO, which has peaks

within 0.03 A_l on each side of the permalloy (1,1,1)
peak. However, the increased oxygen content measured from
EELS in the FIB-milled stencil indicates that the broadening
seen in the SAED of the permalloy (1,1,1) peak is due to
NiO, which also explains the absence of signal in MFM as
NiO is anti-ferromagnetic. Oxidization of nickel (1,1,1) thin
film is known to be self-limiting [36]. Due to the region
between columnar structures shown in figure 2(d), oxygen
and nickel-cation diffusion is likely enhanced, which is the
case along grain boundaries and cracks [37]. An increased
oxygen and nickel-cation diffusion rate would result in an
increased oxidization of the surface, explaining the lack of
MEM contrast.
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Figure 6. Selected area electron diffraction images of (a) the sample made using the PL stencil and (b) the sample made using the
FIB-milled stencil. (c¢) Radially averaged with background subtracted of the sample made using the FIB-milled stencil (green), the sample
made using the PL stencil (purple) and the FIB-milled stencil figure 2(e) zone 2 (red) and the FIB-milled stencil figure 2(e) zone 3 (black).

Dashed lines represent fits to the (111) peaks. The peak at 0.45 A" is a result of the AuPd coating on the stencil.

4. Conclusion

SiN nanostencils milled using a FIB were shown to adversely
influence the properties (film nanostructure, composition
and magnetic behaviour) of permalloy nanostructures
deposited by electron beam evaporation. The observed
morphologies, chemical composition and magnetic behaviour
were independent of the evaporator used and were repeated
numerous times. We have attributed this effect to implanted
gallium ions surrounding the milled nanostencil features
which could provide a means for tunable control over
the growth of magnetic nanostructures with varying iron
content and film morphologies. This possible explanation
does not account for the change in chemical composition and
therefore more experiments are required to fully understand
the resulting structures.
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