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ARTICLE INFO ABSTRACT

Keywords: The continuous downscaling of nanoelectronics devices requires metrology solutions with sub-nanometer spatial
Diamond tip resolution. Electrical scanning probe microscopy (E-SPM) techniques such as scanning spreading resistance
Self-patterning

microscopy have become important tools to map the electronic properties of these devices at nanometer scale
using conductive diamond tips. Yet, the spatial resolution that can be achieved in an E-SPM measurement
critically depends on the sharpness of the tip being used. Although much progress has already been made in
optimizing the tip sharpness, cost-efficiently fabricated high-aspect-ratio diamond tips with ultra-high sharpness
are still missing. Therefore, we have developed in this work a dry etching process for super sharp high-aspect-
ratio conductive diamond tips, called hedgehog full diamond tips (HFDT), starting from standard low-aspect-
ratio full diamond tips (FDT). The distinctive feature of our approach is the self-patterning etch step which
benefits the high-volume production of such tips. The self-patterned mask is formed by nanoparticles originating
from the interfacial layer deposited during the initial stage of the diamond growth, and metal particles from the
surrounding metal cantilever material. In this work, we present our newly developed HFDTs and provide evi-
dence that these tips outperform other conducting tips in terms of spatial resolution during E-SPM measurements.

Dry etching
Electrical SPM

1. Introduction

Recent innovations in the semiconductor industry with 3D
nanometer-sized device architectures such as fin field effect transistors
(FinFETs), tunnel-FETs (TFETs), and nanosheet FETs, combined with the
implementation of novel materials such as high-k dielectrics, high-
mobility channels, and 2D materials, has led to the downscaling of de-
vice dimensions towards the range of a few nanometers. Considering the
crucial role of metrology in the development and manufacturing control
of these devices, also metrology techniques should evolve towards sub-
nanometer spatial resolution [1,2]. Electrical scanning probe micro-
scopy (E-SPM) is a technique that offers the possibility to map the
electronic properties of devices at the nanometer scale [3]. A sharp
micromachined tip is scanned over the surface of a certain sample or
device while the current or other electrical properties are being recor-
ded. Scanning spreading resistance microscopy (SSRM) is a well-
established E-SPM technique for obtaining quantitative two- and
three-dimensional carrier profiles in semiconductor devices [4-7]. In
SSRM, it is crucial that a very high pressure of typically 8-12 GPa is
formed underneath the tip to ensure an ohmic contact between the tip
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and the semiconductor sample. The tip needs to be extremely hard to
withstand these pressures, highly conductive to minimize parasitic tip
resistance and very sharp to obtain high-resolution measurements.
These three requirements have made highly boron-doped diamond the
material of choice for the fabrication of the tips [8,9].

Two main approaches have been developed for the fabrication of
diamond SPM tips: coated diamond tips (CDTs) and full diamond tips
(FDTs). A CDT is constructed by depositing a thin (typically 100-300
nm) boron-doped diamond layer on top of a Si tip [10]. The presence of
the coating layer increases the initial Si tip radius and therefore limits
the tip sharpness that can be achieved. Moreover, breakage of the Si core
tip near the apex while scanning at typical SSRM forces in the pN range
is a common issue. This complication can be resolved by using an FDT
which is made by growing a thick (typically ~1 pm) boron-doped dia-
mond layer in an inverted pyramid mold [11-13]. Here, the diamond tip
shape and aspect ratio are defined by the KOH anisotropic etching step
that is used to create the pyramid mold [14]. Although FDTs allow for
high-resolution E-SPM measurements, their low aspect ratio often cau-
ses double-tip and material smearing artifacts. Therefore, diamond tips
with a higher aspect ratio and increased sharpness have been developed
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Fig. 1. Schematic representation of the different steps in the HFDT fabrica-
tion process.

to overcome these artifacts. An approach with a focused ion beam (FIB)
masking step followed by a plasma etching step was used to create a
nanoscopic sharp diamond tip on top of a CDT [15]. Furthermore, other
diamond tip configurations have been developed, such as single-crystal
undoped diamond tips suited for high-resolution morphology measure-
ments [16], and diamond tips with a nitrogen vacancy incorporated at
the tip apex for magnetic measurements and quantum sensing applica-
tions [17,18].

In this work, we developed the concept for a hedgehog full diamond
tip (HFDT) by placing a high-aspect-ratio nanoscopic super sharp tip on
top of a conventional low-aspect-ratio pyramid tip. The increased aspect
ratio and sharpness of the HFDT configuration overcomes double-tip
and smearing artifacts and further improves the resolution of the mea-
surements. Note that our fabrication process is based on self-pattering
whereas the aforementioned commercially available nanoscopic sharp
tips require a one-to-one FIB treatment of the tip apexes. This paper
presents the fabrication process, shows the fabricated tips, and demon-
strates their superior performance in E-SPM measurements.

2. Fabrication process

The HFDT fabrication process is identical to the fabrication of the
regular FDT probe, as described in detail elsewhere [11], with the
addition of one crucial step. A simple representation of the overall
process is given in Fig. 1.

First, 7 x 7 pm squares are patterned in a hard mask layer on a Si
wafer, followed by anisotropic KOH etching, creating inverted pyramid
molds into the silicon (Fig. 1a). The wafer is then seeded with diamond
nanoparticles and a highly boron-doped diamond film with a thickness
of about 1 pm is grown onto the wafer and in the molds by hot-filament
chemical vapor deposition (HF-CVD) (Fig. 1b). In this step, the diamond
tip is formed and its shape and aspect ratio are defined. Next, an
aluminium layer is sputtered and patterned (Fig. 1c), which acts as the
mask to etch the excess diamond by an O,/SFg reactive ion etching (RIE)
process (Fig. 1d). A tantalum nitride adhesion/peel-off layer and copper
seed layer are sputtered and patterned, followed by the deposition of a 5
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Fig. 2. Schematic representation of the self-patterned O, plasma etching pro-
cess applied to a standard full diamond tip (a) resulting in a hedgehog full
diamond tip configuration with a single nanoscopic tip (b) and multiple
nanoscopic tips (c) at the pyramid apex. SEM images of single tip (d) and
multiple tips (e) configurations.

pm thick electroplated nickel layer to form the cantilever and membrane
(Fig. 1e). The diamond tip and metal cantilever are underetched with
KOH (Fig. 1f) after which the probe membrane is peeled away, a metal-
coated Si holder chip is glued on the membrane (Fig. 1g) and the probe is
removed from the wafer (Fig. 1h) [19].

In this work, we have developed a dry etching process to further
convert the standard FDT probe into a super sharp HFDT probe, which is
performed in an Oxford Plasmalab 100 etching tool operated at 20 °C, 9
mTorr, 25 W radio-frequency (RF) power and 1200 W inductively
coupled plasma (ICP) power. The first step is a 20 s O2/SF¢ plasma etch
with a gas flow rate of 50 sccm for Oy and 2.5 scem for SFe. Fluorine
radicals are generated and react with silicon-containing material to
remove most of the SiOxCy, formed during the initial stages of the dia-
mond growth, from the tip surface [20]. The key step in the process is a
4 min O; plasma etching step (Fig. 1i) with an O, gas flow rate of 50
sccm. This etching step converts a classical pyramid-shaped FDT into a
diamond pyramid with sharp nanoscopic tip(s) on top (Fig. 1j).

3. Fabrication results

Fig. 2a illustrates the O, plasma etching step in more detail and
depicts the self-patterning feature of the process. Oxygen ions and rad-
icals react with the carbon atoms in the regular diamond tip and etch the
diamond away. The surface of the diamond pyramid contains contami-
nants such as remaining SiO4Cy residues, nanoparticles from the dia-
mond seeding process [21], and other particles from surrounding
materials, e.g. metal particles from the cantilever. These particles have a
lower etch rate than diamond and thus can act as a local mask during the
etching process. The resulting HFDTs come in two different tip config-
urations, one configuration with a single sharp tip at the apex of the
pyramid base (Fig. 2b) and a second configuration with multiple tips on
the pyramid apex (Fig. 2c). Exemplary scanning electron microscopy
(SEM) images of both tip configurations are shown in Fig. 2d and Fig. 2e,
respectively. The high-resolution images of the tip apexes clearly
demonstrate the significantly improved sharpness of the HFDT probes.
Tip radiuses down to 2.5 nm have been measured.

Our statistical analysis of the SEM inspections of 63 HFDT probes for
the best processes has shown a yield of 39% for sharp single-tip apexes,
thus >1/3 of the fabricated tips have a superior aspect ratio and
sharpness. These tips are ideal for high-resolution electrical SPM mea-
surements. Additionally, we observed yields of 46% for multiple tips and



L. Wouters et al.

multiple tips

=blunttips = sharp tips

Fig. 3. Pie chart showing the yield of the different tip configurations after
plasma etching calculated from the statistical analysis of SEM inspections of 63
HFDT probes.

15% for blunt tips at the pyramid apex (Fig. 3). Note that E-SPM mea-
surements with multi-tip HFDTs initially often still result in high-
resolution images, but after a few scans the longest tip wears out and
multiple tips start to contact the sample at the same time. This leads to
double- or multiple-tip artifacts in the measurement results. These ar-
tifacts are not an issue in experiments where material removal is the
main focus and therefore multi-tip HFDTs can be used for nano-milling
applications. However, we will focus here on the performance of the
sharp single-tip HFDTs when evaluating the probes.

To better understand the dynamics of the tip formation, a diamond
tip was inspected by SEM at different stages during the HFDT plasma
etching. For this study, the etch process was interrupted at certain time
intervals; the diamond tip was then inspected with SEM, and afterwards
the etching was continued. The SEM image in Fig. 4a shows the presence
of two unknown particles on the initial tip structure. Images in Fig. 4b-c
are taken during the SF¢ etching step. The SiOxCy is removed from the tip
and the grainy diamond structure is exposed, while the particles remain
unaffected by the SF¢ etching. During the initial stages of the O, etching,
the diamond is gradually etched away (Fig. 4d-e) and the unknown
particles act as an etching mask for tip formation (Fig. 4f-g). The
masking particles are etched at a slower rate compared to the diamond

Start of diamond
etching by O,

Masking particles
unaffected by SFg
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but are still getting smaller while the tips grow and get sharper over
longer etching times (Fig. 4h), until at some point the masking particles
are fully etched and removed (Fig. 4i-j). This is obviously the optimal
etching time as can be seen from the SEM image taken at this point with
a very sharp tip on top of the base diamond structure. In case of further
etching after the particle removal, the tip is overetched and gets a blunt
shape. SEM inspection of the HFDT etching of other tips revealed that
sometimes new re-sputtered particles end up on the tip during the
etching process and start serving as masking particles for the diamond
etching. Both cases illustrate the unique self-patterning feature of the
developed process and the corresponding tip formation dynamics.

Finally, the composition and origin of the masking particles are
investigated by inspecting a remaining particle at the tip apex after the
etching process with energy-dispersive X-ray (EDX) analysis (Fig. 5).
The spectrum of elements (Fig. 5¢) over the yellow box inside the EDX
map (Fig. 5b) covering the bulk of the masking particle indicates the
abundant presence of Ni atoms. Based on the fabrication process of the
diamond tips, it is evident that these particles are originating from the Ni
cantilever. This result completes the story explaining the HFDT tip for-
mation during O, plasma etching. At the very beginning of the etching,
we have nanoscopic masking due to the remaining particles of the early
stages of the diamond growth process. However, after the rapid con-
sumption of these initial masking particles, a more stable etch mask is
formed mainly by nickel nanoparticles re-sputtered from the surround-
ing cantilever material.

EDX map

EDX spectrum Nickel peak

" i
\ ST [STOPE TR S IS I NN
H . T : —

Fig. 5. SEM image (a) and EDX map (b) of a remaining particle at the tip apex
after the etching process. EDX spectrum over the yellow box in the EDX map
(c). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Tip formation Particle removed

Fig. 4. SEM images taken at different stages during the HFDT etching process.
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Table 1

Comparison of different diamond SPM tips.
Name Reference Tip fabrication method Tip radius Application
Coated diamond tip (CDT) [10] Silicon tip etching + diamond CVD ~ 20 nm Electrical SPM
Full diamond tip (FDT) [11-13] Anisotropic etching + diamond CVD + mold removal 5-30 nm Electrical SPM
Plasma-etched tip on CDT [15] CDT + FIB patterning + plasma etching < 5nm Electrical SPM
Single-crystal diamond tip [16] Diamond CVD + plasma etching + tip transfer < 20 nm Topography AFM
Nitrogen-vacancy diamond tip [17] Diamond CVD + electron beam lithography + plasma etching ~ 100 nm Quantum sensing SPM
Hedgehog full diamond tip (HFDT) This work FDT + self-patterning + plasma etching < 5nm Electrical SPM

]011

Fig. 6. SEM images of a regular FDT (a) and a super sharp single-tip HFDT (b)
tip apex. SSRM resistance map of a 60 nm wide boron-implanted Si fin structure
embedded in SiO, with a regular FDT (c) and an HFDT (d).

4. Probe evaluation

SEM images have clearly demonstrated the ultra-high sharpness and
aspect ratio of the newly developed HFDT probes. A comparison with
diamond tips that are already commercially available is shown in
Table 1. The tip fabrication method, tip sharpness and applications are
listed. As can be seen from the table, certain fabrication methods favor
certain applications and vice versa. A more detailed summary on the
development of the particular class of E-SPM tips can be found in
reference [3]. In this section, the HFDT probes will be tested for their
actual use in E-SPM measurements. The E-SPM measurements were
performed using a Bruker Dimension Icon-PT AFM system, in a glovebox
with Ar environment. SSRM requires highly conductive, wear-resistant,
and super-sharp tips and therefore it is an ideal technique for the eval-
uation of the HFDT probes.

In the first instance, a 60 nm wide boron-implanted silicon fin
structure embedded in SiO, was investigated with both a conventional
FDT and a super sharp single-tip HFDT. SEM images of the apex of the
utilized tips and the acquired SSRM 2D resistance maps are shown in
Fig. 6. The Si/SiO5 interface and the boron implant at the top of the fin
are much sharper in the SSRM measurement with the HFDT probe as the
double-tip artifact in the measurement with the regular FDT tip is
overcome. This example provides evidence that our newly developed
super sharp conductive diamond tips outperform conventional diamond
tips when it comes to spatial resolution. Additionally, the tip showed to
be stable over multiple measurements proving that it is sufficiently
wear-resistant to be used for semiconductor device metrology.

Fig. 7a and b show correlative 2D SSRM resistance maps and trans-
mission electron microscopy (TEM) images of the cross-section of a 40
nm wide boron-implanted silicon fin structure [22]. The strong

resemblance between the two images confirms the high spatial resolu-
tion of the SSRM measurement with the HFDT probe. Note that even the
nanometer-sized amorphous regions in the top corners of the fin that
only get recrystallized after a high-temperature laser anneal can be
distinguished in the SSRM resistance map (see Fig. 7c-d).

Additionally, the HFDT probe has proven its value in conductive
atomic force microscopy (C-AFM) measurements. C-AFM is a common
technique to study the electrical properties of a wide range of materials
[14]. In this study, C-AFM is used to study the grain growth in 3D NAND

Laser anneal

Fig. 7. 2D SSRM resistance map (a) and TEM image (b) of the cross-section of a
40 nm wide boron-implanted Si fin structure embedded in SiO,; side-by-side
comparison of SSRM and TEM images of the boron-implanted region in the
fin structure before (c) and after (d) laser annealing.

(b) MOF layer

Poly-Si

~ channel RIS
I
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pinholes ..

50 nm +500 nm

Fig. 8. C-AFM current map of the cross-section of a 3D NAND Si channel after
metal-induced lateral crystallization (a); Topography (b) and current map (c) of
a metal-organic framework layer.
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amorphous Si channels after a metal-induced lateral crystallization
(MILC) process [23] and to look for pinholes in metal-organic frame-
work (MOF) layers deposited by chemical vapor deposition [24]. Fig. 8a
shows that grainy structures with dimensions in the range of a few
nanometers can be identified in the C-AFM current map obtained with
an HFDT probe, unlike in measurements obtained with regular FDTs.
Similarly, nanoscopic pinholes are observed in both the topography map
(Fig. 8a) and the current map (Fig. 8b) of a MOF layer obtained with an
HFDT probe, while lots of these pinholes remained invisible in C-AFM
measurements with FDTs or commercial metal-coated tips.

5. Conclusions

Our work introduces a process to convert a regular low- aspect-ratio
FDT into a super sharp highly conductive and wear-resistant hedgehog
FDT probe. The fabrication is based on a self-patterning dry etch process
which is a unique process feature compared to other commercial dia-
mond tips and crucial to enable low-cost fabrication. The HFDT probes
outperform conventional conductive probes when it comes to spatial
resolution in E-SPM measurements. Future work will focus on control-
ling the masking in order to increase the yield of single sharp tips
(currently limited to about one out of three) without adding complexity
to the fabrication process.
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