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Featured Application: The authors integrated platinum carbon (PtC) nano-tips in a tunneling
accelerometer. The use of a focused ion beam (FIB) allows flexible and in situ preparation of the
tunneling electrodes and other three-dimensional structures in the nanoscale.

Abstract: To realize quantum tunneling applications with movable electrodes, sharp tips with radii
down to several tens of nanometers are necessary. The use of a focused ion beam (FIB) and focused
electron beam (FEB) with a gas injection system (GIS) allows the integration of geometries in the
nanoscale directly into micro and nano systems. However, the implementation of the tunneling effect
clearly depends on the material. In this work, a metal-organic precursor is used. The investigation of
the prepared tunneling electrodes enables an insight into FIB/FEB parameters for the realization of
quantum tunneling applications. For this purpose, a high-resolution transmission electron microscopy
(HRTEM) analysis is performed. The results show a dependence of the material nanostructure
regarding platinum (Pt) grain size and distribution in an amorphous carbon matrix from the used
beam and the FIB currents. The integration of the tips into a polysilicon (PolySi) beam and measuring
the current signal by approaching the tips show significant differences in the results. Moreover, the
approach of FEB tips shows a non-contact behavior even when the tips are squeezed together. The
contact behavior depends on the grain size, proportion of platinum, and the amount of amorphous
carbon in the microstructure, especially at the edge area of the tips. This study shows significant
differences in the nanostructure between FIB and FEB tips, particularly for the FIB tips: The higher the
ion current, the greater the platinum content, the finer the grain size, and the higher the probability
of a tunneling current by approaching the tips.
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1. Introduction

Focused ion beam-induced deposition (FIBID) and focused electron beam induced
deposition (FEBID) enable a wide range of applications at the nanometer scale and show
great advantages compared to conventional methods. Due to the high geometrical flexibil-
ity, high resolution, and independence from the surface, focused direct irradiation using
electron or ion beams allows the fabrication of an almost endless variety of geometrical
structures for a wide range of applications. The following are the main applications:

fabrication of three-dimensional structures in the micro—and nanometer scale [1-4]
growth of nanowires and nanocontacts [5-8]

interconnection or repair of circuits [9-11]

repair of X-ray masks [12]
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More specialized applications are the maskless fabrication of JFETs (junction field
effect transistor) [13], the preparation of nanogaps by FEBID [14], or the fabrication of
nano-tips facing each other for tunneling applications [15]. Due to the maximum flexibility
for post-processing of any nano/microelectromechanical system (NEMS/MEMS) and high
patterning resolution, sharp tips with radii in the range of a few nanometers (nm) can
be created. To use these tips for quantum tunneling applications, the tips are placed
and patterned by a Thermo Fisher Helios NanoLab 600 DualBeam with a GIS and a
Trimethyl(methylcyclopentadienyl)platinum(IV) (MeCpPtMe3) metal-organic precursor.
Focused beam induced deposition can be divided into three main process steps: First, the
precursor gas is introduced and floods the sample’s environment. Second, the focused
electron/ion beam is activated and scans the sample pixel by pixel in a specific geometric
shape and sequence routine. Third, the precursor molecules are split into a non-volatile
part, as well as a volatile part. The non-volatile part is deposited on the sample while the
volatile part leaves the sample area. Theoretically, only the non-volatile metallic (Pt) part is
deposited on the substrate. In fact, a metal-organic material is created, where individual
platinum grains are embedded in a high-resistance amorphous carbon (C) matrix. This
leads to high contamination of the Pt structure and much higher resistivity compared to
bulk Pt. It is known that the conduction mechanism takes place by intrinsic tunneling
between the platinum grains [16-20]. Since the tunneling mechanism in these granular
metal-organic materials is responsible for the electrical conductivity, the question arises
if tunneling through a vacuum gap with the same material is also possible. This opens
up a large field of possibilities for the fabrication of novel and miniaturized MEMS and
NEMS since the tunneling effect represents a highly sensitive measurement principle.
For the use of PtC tips deposited and patterned by the FIB/FEB for quantum tunneling
applications with a vacuum gap, the basic suitability and the dependence on the FIB/FEB
parameters must be investigated. For this purpose, a series of tips is deposited on a lift-out
grid and then investigated using HRTEM to find suitable parameters of FIBID/FEBID to
enable quantum tunneling between PtC tips. The evidence for the tunneling effect and the

comparison between different PtC tips is provided by integrating the tips subsequently in
a MEMS.

2. Materials and Methods

For the investigation by a HRTEM, the PtC nano-tips are deposited and patterned
on a typical Omniprobe lift-out grid in a Thermo Fisher Helios NanoLab 600 DualBeam
through FIBID and FEBID. The HRTEM analysis is provided by a Thermo Fisher Titan®
with a maximum resolution of 0.08 nm. The evidence of the tunneling effect is generated
by a movable polysilicon (PolySi) beam structure with an electrostatic actuator fabricated
by the PolyMUMPs process of MEMSCAP Inc. Figure 1 summarizes the whole process of
the investigation in this study.
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Figure 1. Process of investigation. (a) Principle of FIB/FEB deposition of PtC nano-tips to an
Omniprobe lift-out grid. (b) Principle of HRTEM analysis. (¢) MEMS application with integration of
a PtC tunneling tip to a movable PolySi beam structure and an electrostatic actuator to approach the
tip electrodes facing each other.
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2.1. Platinum Carbon Composite

Deposition by FIB/FEB through a Pt precursor is one of the most common variants
among a variety of other available material composites with aluminum (Al), gold (Au),
tungsten (W), or palladium (Pd), as examples. This investigation is based on the use of a
metal-organic precursor material, MeCpPtMe3. In the metal-organic composite, the metal-
lic components are present in an amorphous carbon matrix after deposition. This result
has been widely investigated and can be confirmed by previous studies [20-28]. Therefore,
compared to bulk Pt, the deposited material can be described as a metal highly contami-
nated by amorphous carbon impurities. Moreover, Dorp et al. [25] and Utke et al. [26] give
a comprehensive overview about processing with focused beam induced deposition (FBID)
and the difference in technology between FIBID and FEBID. Labille et al. [21] especially
show the bonding structure of the FBID carbon matrix by Raman spectroscopy. The re-
sults show a diamond-like amorphous carbon (DLC) based on a sp2 bonding structure
corresponding to graphite and sp3 bonding structure corresponding to diamond. The
huge amount of high ohmic DLC leads to a high electric material resistance. The study of
the resistance of PtC and the comparison to bulk Pt has great importance in some publi-
cations. Thus, it is deeply investigated and considered from different perspectives how
large the resistance is in general and where the dependencies are regarding deposition
parameters [5,20,28-31], temperature [23,28,32], technology (FIB/FEB) [28,30] or material
thickness [19,23]. Tao et al. [31] presented a resistivity dependence on the chosen ion
current and measured the lowest resistivity of the deposited nanowires at the highest
ion current of 222 pA. Previous studies show different values for the resistivity of FIBID
and FEBID Pt, but can be adopted as 1-2 orders of magnitude higher for FIBID Pt, and
4-5 orders for FEBID Pt than the resistivity of bulk Pt [19,23,28,31].

The tunneling effect is primarily used in a scanning tunneling microscope (STM) for
commercial purposes. Therefore, highly conductive tips are used, and contamination or
oxidation is prevented by imaging under vacuum conditions. The first requirement for a
high-resolution STM analysis is a pure metal tip with low resistance. In the configuration
of a well conductive tip and probe, tunneling currents of up to 100 nA can be expected.
Since high ohmic parts of the tunneling tip prevent electron tunneling from one electrode
to another, the nanostructure of the PtC composite, particularly its edge area, needs to
be investigated to determine the suitability of the tunneling mechanism. However, the
conduction mechanism of metal-organic or granular materials is based on intergrain tun-
neling between the metallic components [16-20]. Schwalb et al. [33] show the realization
of a strain sensor by bending a PtC nanowire and, therefore, a great change in the mate-
rial inherent resistance through the exponential dependence of the distance between the
metallic grains and the tunneling current. This leads to a resistivity dependence on the size
and distance of the metallic components to each other. For a tunneling application through
a vacuum gap, this is a significant aspect because if the Pt grains are located directly at
the edge of the tip, a tunneling current can occur. This is one of the main aspects of this
work, as the application of PtC tips allows tunneling application through a vacuum gap by
suitable location and distribution of Pt grains. Examination by HRTEM represents the most
considerable analysis for this purpose since the microstructure of the tip can be imaged on
the nano- and picometer scale. Due to the high flexibility of the FIB, the integration of sharp
tips enables a wide range of tunneling applications for sensors based on movable parts
such as accelerometers or pressure sensors. The high sensitivity of the quantum tunneling
effect allows a high level of miniaturization in those sensors because of very low deflection
along with great changes in the device signal.

2.2. Specimen Preparation

The preparation of the nano-tips for the HRTEM analysis is comparable to those of
TEM (transmission electron microscope) lamellas which is state of the art for investigating
material compositions. The basic principle of the TEM is to irradiate the sample with a
high-energy electron beam. A detector on the backside intercepts the electron beam and
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allows imaging of the atomic structure of the material components. To achieve a high
resolution of the nanostructure, the material thickness must not exceed a few 10 nm. Since
such dimensions are possible with the FEBID and FIBID, this is the standard technology
for TEM specimen fabrication. In this study, the differences in the tips depending on the
ionic current used are elaborated. The FEB tips are deposited by a 340 pA electron beam
current with an acceleration voltage of 5 kV. For the deposition of the FIB tips, currents of
9 pA, 46 pA, 90 pA, and 260 pA are set in addition to the accelerating voltage of 30 kV. The
process of preparation of the PtC nano-tips is shown in Figure 2.
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Figure 2. Process of preparation of the PtC nano-tips for the HRTEM analysis with (a) the Omniprobe lift-out grid, (b) the
FIB and GIS deposition of PtC bumps, (c) the principle of patterning of the bumps to sharp nano-tips by a low FIB current of
1.5 pA with (d) radii r approximately of 10 nm and thickness d of a few 10 nm and (e) the deposited FEB nano-tip without
additional patterning. Above the principle of the process step and below the SEM image are shown.

To fabricate the PtC nano-tips, a standard Omniprobe lift-out Cu (copper) grid is used
and placed on a FIB holder (Figure 2a). This is necessary to ensure compatibility for the
TEM. Usually, a lift-out grid is used to place a previously fabricated lamella by the FIB on it.
In the current study, the whole preparation process is provided directly to the grid. After
cleaning the top of the grid by a large-scale cleaning process with the FIB, the PtC bumps
for the fabrication of the nano-tips are deposited. Figure 2b shows the principle and result
of the deposition of five bumps with ion currents of 9 pA, 46 pA, 90 pA, and 260 pA, as
well as an electron current of 340 pA. During the deposition, the precursor gas is induced
by the GIS needle. Unlike the FEBID, it is not possible to directly fabricate sharp tips of
a few 10 nm in thickness using the FIB deposition. Therefore, the bumps are patterned
subsequently by the FIB with a minimal and sensitive ion current of 1.5 pA (Figure 2c).
This step is the most challenging part to provide suitable structures in the nanoscale for
the HRTEM analysis. Since the imaging with the ion beam comes along with a destructive
removal of the specimen, several short steps with a targeted patterning of the bumps from
different angles and directions are necessary. Figure 2d,e shows the result exemplarily for
the 260 pA FIB tip in the side view and the 340 pA tip deposited by the FEB. As the tip
becomes thinner, as more information can be found by the HRTEM about the material’s
atomic structure.
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2.3. Tip Integration to MEMS

This work aims to investigate the possibility of using PtC tips in quantum tunneling
vacuum gap applications. Therefore, the results and findings of the HRTEM analysis will
be validated in a MEMS consisting of a PolySi beam and an electrostatic actuator. After
deposition and patterning of the nano-tip to the beam, the tunneling effect can be proved by
measuring the tunneling current between two PtC electrodes at distances of some nm. For
a deeper insight into this subject, the authors published their work in another survey [15].
The process of tip integration to the MEMS is shown in Figure 3.

(b)

Figure 3. Process of tip integration to the MEMS with (a) the initial state of the PolySi beam, (b) the basic patterning of the

beam to obtain a fixed and a movable part, (c) the deposition of a PtC pad, (d) patterning of the PtC pad and (e) the final

PtC nano-tips/electrodes by dividing the nanobeam by the FIB.

Figure 3a shows the initial state of the PolySi beam with a thin gold (Au) layer for
a high conductivity of the structure. The fabrication of the MEMS is carried out by the
foundry service PolyMUMPs from MEMSCAP Inc. and subsequent micro structuring
of the tunneling electrodes with a focused ion beam. PolyMUMPs is a surface micro-
machining process with three polysilicon layers, two sacrificial layers, and a metal layer.
The minimum structure size for PolyMUMPs is 2 um. The standardized process procedure
with strict adherence to the design rules ensures low manufacturing times and costs. Since
the application of this tunneling device proves a vacuum gap tunneling mechanism by
varying the tip distance, the PolySi beam must be divided into movable and fixed parts.
Therefore, the PolySi beam is patterned by the FIB in the first process step illustrated by
Figure 3b. As shown in the preparation of the tips for the HRTEM analysis, it is necessary
to fabricate the nano-tips in several steps. After deposition of a PtC pad by the FIB or the
FEB and the GIS (Figure 3c), the pad is milled subsequently by the ion beam to obtain a thin
vertical nanobeam (Figure 3d) and a final cut with a small ion current of 1.5 pA to provide
two opposing tunneling tips (Figure 3e). The smallest size of the initial PtC pad depends
on the technology and chosen beam current. The FEBID allows a much finer deposited
structure than the FIBID. Moreover, the same can be seen on different ion currents. As
lower the ion current is chosen, as higher the resolution of the deposited pad. The initial
pad in Figure 3c is based on the FIBID with a 260 pA current. Due to attractive forces
between the tips [15], the tips’ radii are patterned by the FIB as sharply as possible. To
measure and verify the tunneling current between the PtC tips, the MEMS is connected
to a two-channel Source Measuring Unit (SMU) Tektronix Keithley 2614b, as shown in
Figure 4a. The MEMS-Chip is bonded by a Wire Bonder G5 Single (F&K Delvotec) to a
printed circuit board (PCB) (Figure 4b). One channel operates the electrostatic actuator
to approach the tip of the movable part towards the fixed tip below. The second channel
is loaded by the tunneling bias voltage in the range of 100 mV to 1 V and measures the
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occurring tunneling current at final tip distances of a few nm. Figure 4c shows the PolySi
beam structure with the actuator in top view, and Figure 4d depicts the final PtC tip in side
view. Although this application enables the measurement of external forces to the MEMS
(in the case of an accelerometer or pressure sensor), in this study, the static approach of
the tips is only provided to prove the ability of quantum tunneling between organic-metal
materials and their dependence on the FIB/FEB fabrication parameters. The approach of
the tips is performed by several small voltage steps (1-5 mV) using the electrostatic actuator.
The measuring point for every voltage step on channel 1 and the tunneling current on
channel 2 is saved by the SMU to a log file. Afterwards, the log file is evaluated to show
the course of the current measurement between the tunneling electrodes/tips. Once the
current rises, the slope shows an exponential character for the tunneling current or a step in
terms of an ohmic contact indicating a crash of the electrodes. All measurements are carried
out in the dual-beam chamber under high vacuum conditions to prevent contamination of
the tunneling tips and keep the environmental conditions as constant as possible. For the
sensor-technical implementation of the susceptible tunneling effect, sources of disturbances
must be avoided as far as possible. The connection from the SMU to the MEMS chip is
made via a cable lead-through on the vacuum chamber.

. PCB () \ \\\ O

SMU XX.. XXL())( A_)f(i)leXX XX

XX. XX XX. XX XX.XX

Keithley |»| 33 8388
y XXXX XX XX XX-XX
XXXX XXXX XX XX

2614B R XXX

Figure 4. Principle of wiring (a) and the bonded chip (b) for the tunneling application in a MEMS (c)
with a two-channel Keithley SMU 2614B. Ground (GND) is connected to the PolySi beam, channel 1
(CH 1) to the substrate pad of the electrostatic actuator, and channel 2 (CH 2) to the counter electrode
of the tunneling tip (d).

3. Results

The following results show the findings from the HRTEM analysis comparing the
measurements and elaborating the differences on each PtC nano-tip for ion beam currents
of 9 pA, 46 pA, 90 pA, and 260 pA as well as an electron beam current of 340 pA. Testing in
the FIB deposition shows an increased scattering of the deposited material when higher ion
currents are applied, as well as an inversion between the etching and depositing processes,
leading to a material removal rather than a deposition. For this reason, a maximum ion
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current of 260 pA is chosen. The findings are subsequently proven by implementing the
tips to a MEMS to show the tunneling current or otherwise the crash of the tips marked by
an instant ohmic contact.

3.1. Transmission Electron Microscopy Analysis

The results of the HRTEM analysis are described by several steps beginning with an
overview of the tips to evaluate the differences of the nanostructure, subsequently showing
the grain size in a magnified image for the center and edge area of the tip, and finally
investigating the lattice spacings of the atomic structure by performing the fast Fourier
transformation (FFT) of the structure. The lattice constant of face-centered cubic (FCC) Pt
(space group Fm-3m) is 3.9231 A at room temperature according to the PDF 4 + card #
00-004-0802 [34]. The interplanar spacings for Pt of the 111, 200, 220, and 311 planes with
high intensity can be calculated for the FCC crystal system by

a
i = e @
where the Miller indices are h, k, 1, the lattice constant is a, and the interplanar spacing is d.
To show the difference in the nanostructure of the tips, the overview images of the
9pA, 46 pA,90 pA, and 260 pA FIB, as well as the 340 pA FEB tips, are shown in Figure 5a—e.
From the 9 pA to the 260 pA, a decrease of the grain size from a blurred to a more granular
structure becomes apparent regarding the whole tip shown. Concerning this, Figure 5
illustrates a magnified view of the end of the tip to perform the FFTs in Figure 5k—o. In the
images shown, the differences tend to be distinguishable in terms of grain size. However,
the FFT gives a much clearer insight into the differences with respect to the diffraction rings
of the nanostructure. An increase in intensity, particularly of the outer rings corresponding
to the 220 and 311 planes, can be seen. According to Table 1, the interplanar spacings of
these planes are 1.3873 and 1.1826 A and thus just above the resolution limit. The 111
and 200 planes are detectable in all FFTs due to the much larger interplanar spacing. This
leads to a decrease in intensity from the center to the outside of the diffraction pattern.
Depending on the grain size in the nanostructure, the planes with smaller spacing can be
detected or not. Thus, a direct comparison of the different tips shows an increase in the
number of smaller grains in which the 220 and 311 planes become visible. Specifically,
a slight increase in intensity can be seen from the 9 pA to the 46 pA and 90 pA tips. In
contrast, a significant jump in intensity can be seen at the 260 pA tip and the 340 pA FEB
tip. As a result, there is a correlation between the ion current or the use of the FEB and the
intensity of the diffraction rings. According to the visual inspection of the images, the FFTs
confirm the observation of a decreasing grain size when the ion current is increased or the
FEB is used.

Table 1. Interplanar spacings of the FCC Pt crystal structure with a lattice constant of 3.9231 A
according to the PDF 4 + card # 00-004-0802 [34].

Plane d[A]
111 2.2650
200 1.9616
220 1.3873
311 1.1826

In the following, only the 9 pA and 260 pA, as well as the 340 pA FEB tips, are
considered because of the specific differences. A different view of the tips is provided
by the binary images of the HRTEM recordings. Figure 6 shows the tips after blurring
through a 10 x 10 pixel matrix and binarization at a threshold of gray values (0 = black to
255 = white) of 80. Blurring highlights larger grains and reduces the “noise” of very small
contours in the image. Binarization enhances the contrast between light and dark areas
in the image. In addition, the binary image (80%) is merged to the original transparent
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image (20%) to visualize the actual edge of the tip while the blue markers highlight the
particularly large grains in Figure 6b and create a comparison to the grain size in Figure 6a,c.
The red markings show the distribution of grains in the direct edge region of the top edge
since only these grains contribute to quantum mechanical tunneling through a vacuum
gap. The FEB tip in Figure 6a shows no grains in the upper edge area in the binary image.
Here, a clear difference in the number of grains can be seen by a comparison of the binary
images. The 260 pA tip shows a much more homogeneous distribution of grains in the edge
region, while only a few grains are visible in the 9 pA tip. Of course, when the threshold is
increased, more grains are visible. However, the binary images’ relative representation is
only intended to allow a direct comparison of the tips and their differences. Furthermore,
there is a clear difference in the spacing and distribution of the grains throughout the entire
nanostructure. The FEB tip in Figure 6a shows a very homogeneous distribution of the
grains all over the nanostructure. For the FIB tips, the number of grains in Figure 6c is
much larger; therefore, the spacings between the grain are much lower than in Figure 6b.

Figure 5. HRTEM analysis overview images of the PtC nano-tips (a) 340 pA EB (b) 9 pA IB, (c) 46 pA IB, (d) 90 pA IB and
(e) 260 pA IB. (f—j) the magnified images of the tips for the FFTs (k-o).

In order to deepen previous investigations, the tips from the 9 pA and 260 pA ion
current and the 340 pA FEB tip are again significantly enlarged. Figure 7a—c shows the
HRTEM images of the tip ends. The left side in Figure 7a—c shows the attempt to capture
the grains using the brightness differences. Characteristic for the HRTEM analysis are
different gray values in the image depending on the intensity of the penetrating electron
beam. That is, the thicker the grains, the darker they appear. In the comparison of the
three top images of Figure 7, it is thus repeatedly visible in detail that the grain size of
the tips differs significantly. The grains from the FEB tip in Figure 7a and the 260 pA FIB
tip in Figure 7c are clearly smaller and more densely distributed than the 9 pA FIB tip in
Figure 7b. Due to a more homogeneous distribution of the grains, it is possible to conclude
that there is a much lower probability of defects in the edge area of the tip, as already
discussed in Figure 6. Otherwise, it can be seen that the amorphous carbon areas in the FEB
tip take up more space than in the FIB tips. This, in turn, leads to a decrease of Pt grains in
the edge area. The right half of Figure 7a—c and the subsequently selected areas electron
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diffraction (SAED) and their FFTs deepen the investigation from Figure 5. Figure 7d first
shows a SAED of the 340 pA FEB tip and clearly visible interplanar planes in the FFT
(Figure 7e) corresponding to the 111, 200, 220, and 311 planes. The 9 pA FIB (Figure 7f) tip
shows only the interplanar planes of the 111 and 200 planes. Additionally, the FFT from
Figure 7g confirms this by the intensity of the diffraction rings and the absence of the outer
rings corresponding to the 220 and 311 planes, respectively. Figure 7h shows the FFT and
Figure 7i—k the SAEDs of the 260 pA tip with much smaller grains. The difference in the
intensity of the diffraction rings and spots is obvious. Moreover, with similar intensity of
the 111 and 200 levels, visibility of the 220 and 311 levels is given. Since the 311 planes with
an interplanar spacing of 1.1826 A is already close to the resolution limit of the HRTEM
of 0.8 A, this grating can only be detected by marking the diffraction spot and the inverse
FFT. On both the 260 pA FIB and the 340 pA FEB tip with their common feature of small
grains, the small interplanar planes are visible through the FFTs and the SAEDs. Thus,
this leads to a correlation between the grain size and the intensity of the diffraction rings.
Since the thickness of the tips is larger than the grains, amorphous regions of the DLC
are overlaid by the lattice structures of the Pt, as well as several Pt grains by one another.
Amorphous regions are always visible between the grains, as shown by the yellow marking
in Figure 7d. However, it is difficult to study these regions and make detailed conclusions.

t\.,-v.x:-s;».; .‘:‘ \}’:E"

(©) "y A
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50 nm

Figure 6. Binary images of (a) the 340 pA FEB, (b) the 9 pA, and (c) the 260 pA FIB tip with the merged transparent original
images to show the edge of the tips. Red markings show the grain distribution in the edge area, and blue markings the

comparison of the grain size.

All previous data on the grains refer to the accumulation of Pt crystallites. The clusters
appear darker in the HRTEM images than areas simply transmitted by the electron beam.
For a deeper insight into the Pt nanostructure it is worthwhile to consider the individual
crystallites and their size in addition. Figure 8 shows the measurement of the max. length
of each of twenty individual crystallites from the 340 pA FEB tip (mean = 2.54 £ 0.57 nm),
and the 9 pA (mean = 4.13 =+ 0.88 nm), as well as the 260 pA (mean = 3.99 £ 1.31 nm) FIB
tip. The size of the crystallites by FEBID can be clearly distinguished from the crystallites
by FIBID by around 1.5 nm. Hence, there is no markable difference in the crystallite size for
the two FIBID tips, the main difference can be determined in the accumulation of several
crystallites to smaller and bigger Pt grains, as shown in Figure 7.
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Figure 8. Measurements of twenty individual Pt crystallite of the 340 pA FEB, 9 pA FIB and 260 pA
FIB tips.

3.2. Tunneling Verification

In accordance with the findings from the HRTEM analysis, the 340 pA FEB and the
9 pA and 260 pA FIB tips are tested for their suitability for the quantum mechanical
tunneling mechanism across a vacuum gap by integration into a MEMS. Figure 9 shows
the measurements when the tips approach distances of a few nm at which the tunneling
effect occurs and the subsequent removal of the tips. Since measurements with the FEB
tip show no increasing current, either as contact or tunneling behavior, the presentation of
the measured results is omitted. It is suggested that the huge amount of DLC, especially
in the edge area, leads to a high ohmic contact; therefore, no current flows between the
electrodes. In the case of the PtC tips, the tunneling effect only occurs when two Pt grains
face each other at the tunneling distance of a few nm. If two Pt grains meet each other, an
exponentially increasing current curve occurs when the distance is shortened linearly. Thus,
the electrostatic behavior is quadratic regarding the deflection by increasing the actuator
voltage. However, the deflection range concerning the tunneling distance is so small that it
can be assumed to be quasi-linear. When a Pt grain or an amorphous DLC region meets
another DLC region, either no current flows or only when the tips get into ohmic contact. In
the latter case, this is visible by a jump in the current waveform. According to the excitation
principle, the actuator voltage (green line) is increased until the tunneling electrodes are
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only a few nm apart. The voltage values from Figure 9a,b depend on the initial distances
of the tips and therefore defer from each other. The orange line in Figure 9a,b marks the
current threshold at 100 pA for the measurement algorithm to detect the occurrence of
the tunneling or contact current and to retreat the electrode. For the measurements, a
tunneling voltage of 1 V is applied to each of the electrodes. Figure 9 shows reproducible
curves of the current over the measurement time with repeated approaches and removal
of the tips. The offset of the measurements is slightly below the 0 A mark in each case
due to leakage currents through the wiring, the measurement system, and the conductive
tracks on the PCB and MEMS chip. The measurement algorithm causes the voltage to
increase in 1 to 5 mV steps on the electrostatic actuator until the current threshold is
reached. The voltage is then lowered to move the tips away from each other and then
approached again. Figure 9a shows the measurement when the 9 pA tip is approached.
In most cases, the current waveform can be seen as a drop in the device signal. This
indicates an instant ohmic contact without electron tunneling. Accordingly, an electrical
connection is established only by direct contact of the tips corresponding to the conduction
mechanism in metal-organic materials. After a sudden increase of the current by contact of
the electrodes and subsequent decrease of the actuator voltage, the electrodes adhere to
each other by the surface forces until the counteracting force of the PolySi beam overcomes
them. This moment can be seen by the abrupt drop in the current waveform back to
0 A. Additionally, the characteristic gradually decreasing current is marked by the red
arrows caused by a decreasing attractive force due to the tips pulling apart. Figure 9b,
on the other hand, shows the characteristic measurement with a 260 pA FIB tip. With
these tips, an exponentially increasing current waveform is apparent when approaching,
and an exponentially decreasing current waveform is apparent when moving away the
electrodes. With respect to the slope, height, and decrease of the current, the high sensitivity
of the tunneling effect leads to slightly different curves, especially the actuator voltage, to
overcome the current threshold. The points where the tunneling current appear are marked
by the blue dots and lines. It can be seen that there is no significant difference between the
single approaches regarding the actuator voltage operating point. Due to the high intrinsic
resistance, tunneling currents of a few nA to a few 10 nA cannot be achieved with PtC tips,
as is common when using metallically pure electrodes in scanning tunneling microscopes.
As the measurements from Figure 9 show, the currents at a tunneling voltage of 1 V are in
the range of 100-200 pA, even with an ohmic contact.



Appl. Sci. 2021, 11, 11793

12 of 15

T T 6.65
1751
150 L 6.64
S
- 125k /n\ %
= 100} ,“ 6.63 %‘
@ 154
5 075} g
050k 662 £
<
025}
L 6.61
0.00}
L L
(a) 0 10 ] 20
Time (sec)
XlO-ll]
1
20f : 54
1 ~
' S
1
~ 15} 53
=T i ¥
| =
z ! E
[ | >
g 1.0F ' 52 §
v - E
J o
05f ! 5.1 <
'
oo :
’ - 5.0

(b) Time (sec)

Figure 9. Measurements of tunneling application in a MEMS with integrated tunneling tips with
(a) the measurement of the 9 pA and (b) of the 260 pA FIB tip. The excitation (green) is shown by the
waveform of each actuator voltage range, differing from each other due to the initial distances of the
tips. U = tunneling bias voltage.

4. Discussion

The use of PtC tips for applications based on the quantum mechanical tunneling effect
depends on the distribution, size, and the number of Pt grains in the nanostructure. These
Pt grains are embedded in a DLC matrix. The intrinsic conduction mechanism is based
on electron tunneling between the individual Pt grains [17]. The more densely the Pt
grains are distributed, the lower the resistivity of the material [33]. For tunneling between
two PtC tips through a vacuum gap, the same conditions apply except for the additional
distance through the vacuum gap. Thus, if the Pt grains are not directly placed at the
edge of the tip but are surrounded by the high resistivity DLC, the tunneling mechanism
does not appear at all shown in Figure 9a. The tunneling mechanism is supported by
increasing the tunneling bias voltage. However, attractive forces play a crucial role when
using a moving tip over a fixed tip, as shown by Haub et al. [15]. Since this depends
particularly on the tunneling voltage, only small tunneling voltages can be used for this
application. In addition, electron tunneling can only be realized with small grain spacings
across the vacuum gap. The HRTEM analysis shows a difference in the PtC nanostructure
depending on the FEBID and FIBID as well as used currents (Figure 5). Produced tips
by the FEBID show a homogeneous distribution of Pt grains, but an increased amount
of DLC. This leads to an increased occurrence of DLC regions in the edge region, which
prevents electron tunneling (Figure 7a). The FIBID tips show a difference in nanostructure
depending on the ion current used. The 9 pA tips have larger Pt grains and thus lower
density in the distribution, resulting in larger inter-grain spacing (Figure 7b). The 260 pA
tips have much smaller grains, greater density, and smaller spacing between Pt grains
(Figure 7c). When binarizing the HRTEM images, it is noticeable that there is a more
homogeneous occurrence of Pt grains in the edge region for the 260 pA tips compared
to the 9 pA tips. The measurement of individual crystallites shows on average 1.5 nm
longer lengths for the FIBID tips compared to the FEBID tips. However, there is only a
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small difference between the FIBID tips. Therefore, the results of De Teresa et al. [23] on the
independence of the crystallite size from electron or ion beam cannot be confirmed. When
the tips are approached in the MEMS application with small tunneling bias voltages, the
measurements show a non-contact behavior for the FEBID tips, a drop in the current course
for the 9 pA FIBID tip, and an exponentially increasing current course corresponding
to the expected quantum tunneling current for the 260 pA tip. From the fabrication of
TEM lamellae, it is known that the structuring by high ion currents causes splitting and
amorphization of the nanostructure. For this reason, TEM lamellae are cleaned in the
final step by an ion current as low as possible. The same mechanism can be assumed for
the production of FIB structures by deposition. However, in the case of FIBID tips, this
supports the suitability for applying tunneling electrodes since the splitting by an increased
ion current leads to denser distribution of smaller Pt grains. In summary, it can be seen
that the combination of a sufficient amount of Pt, small grains, and dense distribution
of the grains in the nanostructure is necessary to perform tunneling applications with
FIBID/FEBID metal-organic tips.

5. Conclusions/Summary

The present study compared several PtC tips by FIBID and FEBID using HRTEM
analysis. The differences in the tips can be specifically seen in the location, size, and
distribution of the Pt grains. In particular, the FEBID tips show small grains and a greater
amount of DLC, as evidenced by the spacing between the grains. The difference in the
FIBID tips can also be seen in the size of the grains as the ion current varies. Due to the
reduction in grain size with larger ion currents, they are more densely distributed and
have less spacing between them. In particular, the FFT analysis of the FIBID and FEBID
tips shows a change in the intensity of the outer diffraction rings corresponding to the
220 and 311 planes. The comparison of the FEBID tip and 260 pA FIBID tip proves the
correlation between ring intensity and the frequency of smaller grains. For the FIBID tips
of lower currents, particularly the 9 pA tip, the outer rings are only faintly visible. The
reason for this is the larger Pt grains, which can be detected by image analysis and the
dark area in the microstructure. Smaller and more homogeneously distributed grains in
the microstructure increase the probability of their occurrence in the edge region and, thus,
specifically a higher suitability of the tunneling effect when two tips approach each other.
This is shown by comparing the measurements of the tips integrated into a MEMS. The
approach of the 9 pA tips leads to ohmic contact. The tunneling effect does not occur. In
contrast, the 260 pA tips show a reproducible exponential increase and decrease of the
current course corresponding to the tunneling effect. Therefore, a clear correlation can be
shown between beam technology, grain size, and distribution in the nanostructure, as well
as the percentage of Pt in the carbon matrix, and suitability for use with the tunneling effect.
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