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Abstract

Bottom-up grown single-crystalline silicon nanowires (SiNWs) are highly intriguing to build
nanoscale probes, for instance for atomic force microscopy (AFM), due to their mechanical
robustness and high aspect ratio geometry. Several strategies to build such nanowire-equipped
probes were explored but their fabrication is still elaborate, time-consuming and relies partly on
single-crystalline substrates. Here, we explore a new strategy to fabricate AFM probes that are
equipped with single-SiNW scanning tips. The conceptual evaluation begins with a discussion
on the overall design and softness of such probes based on finite-element-method simulations.
For the experimental realization, SINWs were grown by the well-established gold-catalyzed
vapor-liquid—solid method employing gaseous monosilane. As-grown SiNWs were
subsequently transferred onto flexible membranes and even freestanding AFM microcantilever
beams via mechanical nanowire contact printing. Elongation of the deposited nanowires by
so-called regrowth was triggered by reusing the original gold catalyst to yield the prospective
AFM scanning tip. SINW-equipped scanning probes were created in this manner and were
successfully employed for topography imaging. Although a multitude of challenges remains, the
created probes showed an overall convincing performance and a superior durability.

Supplementary material for this article is available online
Keywords: nanowire, silicon, AFM, soft probe, microfabrication, nanowire alignment

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

1. Introduction

Atomic force microscopy (AFM) represents a well-established
nanoanalytic technique, whose applications range from plain
topographical surface reconstruction, over mechanical and
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electrical sample characterizations to measurements in liquids
and even on living cells [1-5]. The key element for AFM is the
scanning probe itself, commonly represented by a microcanti-
lever beam equipped with a pyramidal scanning tip. When the
tip comes into close proximity to a sample surface, surface
force interactions deflect, for instance, the beam and create
thus a signal, e.g. for topography reconstruction [6, 7]. The
achievable resolution relies naturally on the tip radius, but also
on the overall tip geometry and the operation mode. Gener-
ally, the smaller the tip radius, the higher the image resolution
[8]. Conventionally employed AFM pyramid-shaped silicon
tips enable already sub-nanometer resolution, but mainly on

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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planar surfaces. Due to the pyramidal shape, narrow and deep
trenches can hardly be imaged. Here, sharp high aspect ratio
probes would excel but often suffer from wear, for instance,
due to crashes of the nanoscale tip with the sample surface.
Therefore, nanowires and nanotubes moved into the research
focus as high aspect ratio structures [9-13]. Besides their plain
geometry, the robustness and durability of nanowire scanning
probes are crucial, too. Engstrom et al [14] compared, for
instance, the performance of silicon nanowire (SiNW) and car-
bon nanotube based scanning tips. Although both tips out-
performed pyramid-shaped tips, SINW tips provided overall
more consistency within individual measurements. This was
attributed to a deteriorated Young’s modulus of multi-walled
carbon nanotubes triggered by defects, interlayer sliding and
hollow internal structures. Such issues do not exist for single-
crystalline SINWSs [14].

Here, we focus solely on bottom-up grown, single-
crystalline SINW scanning tips, due to the aforementioned
advantages, their inherent property of ideal elastic deforma-
tion, and due to the technological possibilities in our research
lab. An intriguing feature of a single-crystalline SINW-based
scanning tip is its ability to undergo elastic deformation
whenever a certain force load is exceeded. Such a feature
of elastic bending and buckling yields potentially a so-called
soft tip in contrary to pyramid-shaped probes. Soft tips are
highly desirable for the scanning inspection of soft and del-
icate samples, such as living cells and polymers, to avoid
any deterioration [14, 15]. Based on the nanowire geometry
and the single-crystalline nature of bottom-up grown SiNWs,
breakage during elastic deformation is unlikely, which
assures in principle a high durability of a SiINW scanning
tip.

We show later that a SINW tip can even survive a crash
with a hard sample surface represented here by sapphire. Last
but not least, gold-catalyzed SiNWs, as used here, carry the
gold catalyst nanoparticle at their tip if not removed, as real-
ized in this study, by an etching procedure (see supplement-
ary information (available online at stacks.iop.org/IMM/31/
055010/mmedia)). This aspect might be in particular interest-
ing for tip-enhanced Raman spectroscopy (TERS) by directly
exploiting the gold catalyst at the nanowire tip. The fabrication
of TERS-AFM tips relies so far on sophisticated microfabric-
ation techniques [16—18]. A hemispherical tip with a radius
of 20-50 nm instead of less than 10 nm may also be advant-
ageous for inspecting soft and delicate surfaces, but with con-
sideration of reduced lateral resolution. The fabrication of
SiNW scanning probes can in principle be realized by utilizing
either top-down [ 19, 20] or bottom-up SiINW growth strategies
[21, 22]. Regardless of the chosen nanotechnological branch,
SiNW integration remains elaborate. Within a top-down fab-
rication scheme, nanowires would be etched out of a bulk
material, which is realizable, but simultaneously challenging
considering a target diameter in the range of 100 nm and below
as well as an intended SiINW length of typically some microns.
The alternative strategy is SINW bottom-up growth. Bottom-
up SiNW synthesis can be realized, as done here, by the well-
established vapor-liquid—solid (VLS) growth [23, 24]. VLS
growth relies intrinsically on metal catalysts, such as Au [23],

Al [25], and Ag [26] that yield single-crystalline SINWs and
enable control of the SINW diameter as well as axial proper-
ties, such as doping profiles [27, 28]. However, this technique
comes naturally along with the challenge of single-nanowire
positioning and upright nanowire alignment. Upright align-
ment is achievable by initiating an epitaxial SINW growth
on <111> oriented single-crystalline silicon substrates. How-
ever, <100> oriented single crystalline wafers are often used
for microcantilever fabrication, and epitaxial growth requires
prior removal of the native silicon oxide and dedicated pro-
cess guidance to enable epitaxial SINW growth. We showed
recently a possibility to realize epitaxial growth of SiNWs
despite a presence of a native silicon-oxide [29]. Neverthe-
less, other microcantilever materials are also of interest, if for
instance, electrical insulation, transparency or certain mechan-
ical properties are required. Silicon nitride, for example, is of
interest in this context. The key challenge for the fabrication
of a single, three dimensionally oriented and localized SINW
is however the nanoscale confinement of the catalyst particle,
which demands, for instance, complex and high-cost electron
beam lithography or focused ion or electron beam induced
deposition of the catalyst material [10, 30, 31]. A simple but
capable technique for the catalyst deposition and confinement
was shown by Engstrom et al [14] by implementing so-called
stencil masks in combination with an evaporated catalyst
material.

With this in mind, we aimed to explore another microfabric-
ation strategy for an integration of VLS-grown single-SiNWs
as soft scanning tips that can be realized without an inherent
need to employ single-crystalline-silicon substrates within the
microcantilever fabrication. The overall strategy is illustrated
in figure 1(a). First, as-grown SiNWs are transferred to so-
called device membranes or even directly onto microcantilever
beams by nanowire contact printing (called CP in the follow-
ing) [32]. In this method, SiNWSs are transferred from their ori-
ginal growth substrate to a target substrate by frictional forces
that occur as part of an induced mechanical shear motion
between the two substrates. The nanowires break off from
their growth substrate when a critical frictional force occurs
and are deposited on the target substrate parallel to the shear
direction.

To position single-SiNWs locally, so-called nanowire
catchers can be utilized within a CP strategy as described
in [32]. This feature was here so far omitted for simplifica-
tion reasons. Notably, the transferred SINWs possess still their
metal-catalyst particle at the tip. This catalyst particle shares
an interface with a single-crystalline silicon substrate, repres-
ented by the SiINW cross-section itself, which we exploited
here for VLS-based SiNW elongation. This elongation is fur-
ther referred to nanowire regrowth. The underlying working
hypothesis was that regrowth yields a controlled nanowire
kinking similar to [33-35] by initiating an epitaxial relation
between the transferred SINW cross-section and the regrown
SiNW. A SiNW growing at a defined angle away from the ori-
ginal surface would be the result. Kinking of SINWs is a well-
studied effect in the field of nanowires. In the case of SINWs,
the nanowire grows as a single-crystalline rod with a catalyst
present at its tip. If the growth process is disturbed, e.g. by a
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Figure 1. (a) Schematic illustration of SINW AFM probe assembly using SizN4-membranes: (1) CP SiNWs onto the SizN4-membrane;
(2) fabrication of the microcantilever; (3) SINW regrowth on the microcantilever. (b) SEM image of a V-shaped, 1 pm thick
Si3Ny-microcantilever (stiffness about 0.6 N m~!) with indicated regrown SiNW tip. (c) Magnified image of the same regrown SINW.

(d) Regrown SiNW prior to scanning usage (SEM image). The diameter and length of the regrown SiNW shown here is 120 nm and 8 um,

respectively.

growth interruption or a rapid change in process parameters,
the liquid catalyst droplet on the tip of the SINW may shift.
This could favor another competing crystal facet to grow fur-
ther on the SiNW, resulting in kinking with a specific angle
of the SINW but without disruption of the crystal lattice. For
instance, a kinking angle of 90 ° was reported to be formed
between <112> and <111> growth directions of SiNWs [35].
Such a kinking angle is particularly interesting for our SINW
regrowth and realization of a scanning tips.

The diameter of the regrown nanowire is still controlled
by the diameter of the originally transferred SINW while
the length is again controlled by the overall process para-
meters (e.g. gas concentration and temperature) and natur-
ally, by the growth time. Furthermore, by assuming that
the transferred SiNW adheres sufficiently strong to the
microcantilever surface, the regrown SiNW can be imple-
mented as a soft high-aspect-ratio SINW nanoscale scanning
probe.

In the following, we will discuss at first general design
aspects of such SiNW scanning probes and elucidate geomet-
ric parameters that justify the term ‘soft probe’. From this dis-
cussion, it will become evident that aside from the nanowire
geometry, also the mechanical properties of the cantilever
must be considered. We will subsequently show that regrowth
of SiNWs suffices to create SINW scanning probes although
the yield, the geometric control, and the process reprodu-
cibility require still major improvements. Nevertheless, the
first successful AFM surface topography reconstructions were
already realized and the SINW scanning tips showed a super-
ior durability, which fosters the use of such nanoscale probes
in general. Further details of our experiments are given in the
supplementary information file.

2. Design aspects of SiNW-equipped AFM scanning
probes

To obtain an enhanced understanding of the general behavior
of a vertically aligned SiNW that is attached to a microcanti-
lever beam, finite element method (FEM) based simulations
were employed (using COMSOL Multiphysics 5.3a). The
SiNW was modeled in an approximation as a cylindrical object
that is aligned normal to the surface of the microcantilever
in its non-deformed initial state (cf figure 1(a)). The simu-
lated probe (e.g. microcantilever surface in the force-free state)
was furthermore tilted by about 12° to account for a typical
AFM configuration with respect to the probe tilt. Neverthe-
less, note that the presented FEM simulations here only serve
the purpose of elucidating the general cornerstones of SiINW-
equipped AFM probes due to the lack of experimental val-
ues. Young’s modulus of silicon for thin films and nanowires
has been a debatable topic for decades and is reported often
to differ from the bulk value. There are numerous values for
the Young’s modulus of SiNWs, determined either by sim-
ulations or experiments [36-38]. One of the reasons for the
variations can arise from varying surface properties and their
growing impact with progressing miniaturization [39]. In this
work, a Young’s modulus for SINWs of 170 GPa was assumed
based on the findings and discussion from Gordon et al [40]
and Heidelberg et al [41]. Apart from the elastic modulus,
all other parameters of the SiNW simulation were adopted
from bulk silicon (Poisson’s ratio and density were 0.28 and
2329 kg m~?, respectively).

The mechanical behavior of SINWs depends intrinsically
on the SINW length and the cross-section following the bend-
ing beam theory. However, another factor that contributes
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Figure 2. (a) Schematic illustration of a prospective SINW deformation when the scanning probe is vertically displaced considering friction
and no friction, (b) between tip and sample. (c) Illustration of the forced probe displacement D and the achieved microcantilever
displacement d. (d) and (e) microcantilever displacement versus probe displacement for varying microcantilever stiffness K or varying

SiNW length Inw (zero-surface-friction approach).

to the mechanical SINW behavior is the friction interaction
between the SiNW tip and the respective sample surface.
The friction coefficient determines the degree of SINW sur-
face sliding in relation to the acting forces during mechan-
ical contact. This aspect is illustrated in figures 2(a) and (b).
If the friction coefficient between the sample surface and the
SiNW tip is sufficiently high to hold the SINW in place, the
SiNW would tend to buckle. If, on the contrary, the SINW
can slide (assumed here by a so-called zero-surface-friction
assumption), the nanowire slides along the surface and bends
(figure 2(b)). While we discuss here solely a zero-surface-
friction scenario, similar simulations using a friction coeffi-
cient of 0.5 are provided in the supplementary information file.

A discussion of the overall tip softness during scanning
must however comprise the mechanical microcantilever prop-
erties, too (figure 2(c)). As discussed before, the softness of
SiNWs is simply due to elastic deformation, e.g. by bend-
ing and buckling, once a critical force load is reached dur-
ing scanning operation. Although, this feature of softness
can effectively protect scanned sample surfaces and the tip
itself from mechanical deterioration, it can in principle also
lower the imaging resolution or obstruct the surface recon-
struction. If changes in height are, for instance, tracked by
recording the cantilever beam deflection while assuming a
stiff tip (e.g. pyramidal shape), buckling or generally elastic
deformation of a SINW tip will consequently falsify the correl-
ation between the surface force and the microcantilever beam
deflection. In addition to simple bending and buckling, the

oscillatory behavior must also be taken into account. Based
on a microcantilever oscillation, for instance, in non-contact
or tapping mode as well as due to the elastic SINW deforma-
tion, further oscillations or eigenfrequencies can be triggered
that impair the overall scanning performance. Whether or
not an oscillation is excited, depends on both, the SINW
and microcantilever materials as well as the geometric mor-
phology. However, oscillations or eigenfrequencies were not
considered further in this study. Generally, microcantilever
beams equipped with a soft tip resemble at least a dual spring
system. Therefore, also the microcantilever stiffness itself
must be taken into account besides the pure SINW proper-
ties. The microcantilever stiffness was systematically varied
in our FEM simulation from 0.017 N m~! and 17.5 N m™!
(figure 2(d)). Within our FEM simulations, the SINW length
was varied from 2 pm to 26 pm and the SINW diameter was
set to 120 nm (based on our experiments). By simply com-
paring a known but forced displacement of the microcanti-
lever, D (maximum 1.5 pm) and relating it to the actually
achieved displacement d, present at the SINW-decorated edge
(figure 2(c)), the tip softness impact onto a prospective AFM
operation can be estimated. In our case, the forced displace-
ment D (cf figure 2(c)) should yield ideally a comparable
displacement of the microcantilever tip section if the SINW
behaves as a soft tip. In this case, the tip displacement d, is
ideally equal to D or the relation between d. and D is lin-
ear (figure 2(d)). This is here true for microcantilevers with
a spring constant above 0.65 N m~'. Nevertheless, AFM
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Figure 3. (a) SEM image of synthesized SiNWs on a silicon substrate using gold catalyst. The inset on the right side shows a closer view of
a SiNW. The white arrow indicates the gold catalyst at the tip of the wire. (b) Contact printed SiINWs on a silicon substrate; the white dashed
arrow shows the direction of CP on the substrate and the solid white arrow indicates the gold catalyst at the tip of the SINW. (c) SEM image
of regrown SiNW (ideal mode) from the tip of a primary contact printed SINW using the primary growth conditions. (d) SEM image of
regrown SiNWs utilizing secondary growth conditions. (¢) Schematic illustration of the SINW regrowth process including SiNW synthesis
using a metal catalyst particle, SINW transfer (here by nanowire CP), and SiNW elongation by reusing the original catalyst. For an ideal
regrowth, only a single SINW is regrown from the catalytic tip of the original SINW (similar to an ideal SINW kinking process). The
non-ideal modes are mainly inadequate for fabrication of single-SiNW probes.

operation requires a certain microcantilever beam deflection
for AFM signal creation. Hence, a compromise must be estab-
lished between the SINW and the microcantilever stiffness to
enable adequate AFM operation while scanning with a soft
tip. The microcantilever stiffness can be readily adjusted, for
instance, by the utilized beam length.

The SiNW length can be experimentally changed as well
during VLS growth by adapting the total growth time to
modify the SINW stiffness.

The according FEM simulation results are shown in
figures 2(d) and (e). Figure 2(e) shows evidently that if the
SiNW is shorter than 4 ym, based on an assumed diameter of
120 nm, it can hardly be considered as soft anymore. How-
ever, above a length of 6 pm, the topography image might
be increasingly obstructed due to tip softness but only with
respect to our set cantilever stiffness of 0.6 N m~!. The fab-
ricated probe depicted in figure 1(d) can consequently be
described as a soft tip, which sets it apart from the convention-
ally employed AFM pyramid-shaped scanning tips and justi-
fies the following experiments.

3. SiNW regrowth principle

As explained in the introduction, regrowth means that a previ-
ously VLS-grown nanowire is elongated within a subsequent
VLS process. The original idea of the concept was that SINW
kinking and epitaxial growth are possible due to the single
crystalline interface between the grown SiNW and the metallic
Au-Si catalyst. This would result in controllable spatial angles
of the regrown SiNWs.

To grow the initial SINWs via a VLS mechanism, a nom-
inally 5 nm thick gold film was at first deposited by thermal
evaporation onto single-crystalline silicon (100) wafers that

resemble the so-called growth substrates. The gold film or bet-
ter the created gold islands or droplets after thermal dewet-
ting during the heating phase of the growth process acted as a
metal-catalyst for gold-catalyzed VLS SiNW growth. Further
information on the SINW synthesis is provided in the supple-
mentary information file.

If SiNWs grow from a dewetted metal film, a certain
SiNW diameter distribution must be expected. Using colloidal
catalyst nanoparticles or by pre-patterning the catalyst, e.g.
by nanoimprint lithography [42], diameter control would be
immediately gained. The SINW growth itself was realized in
a home-built tube furnace within 60 min at a constant tem-
perature of 550 °C and at 10 mbar working pressure using
gaseous 2% monosilane (SiH4) in helium and hydrogen, flow-
ing with 10 sccm and 80 sccm, respectively. In the follow-
ing, these growth conditions are called ‘primary growth con-
ditions’. The as-synthesized SiNWs are all decorated with a
gold-catalyst droplet but randomly oriented on the growth sub-
strate as shown in figure 3(a). The random SiNW orienta-
tion is a direct result of the native oxide that is present on
the original substrate, thus preventing an epitaxial relation
with the nucleated SINW. The length and diameter of the
grown SiNWs are in the range of 5 pm to 8 ym and 10 nm
to 250 nm, respectively. These as-grown SiNWs were sub-
sequently transferred onto a planar silicon substrate covered
by native-oxide or to a Si3zNy-surface via dry mechanical
nanowire CP as illustrated in figure 3(b). A transferred or
deposited SINW with its single catalyst droplet present at its
tip confines intrinsically the catalyst area. This localized cata-
lyst droplet (now an Au-Si alloy) was subsequently utilized for
a second growth, so-called regrowth, as mentioned before (the
catalytic part is indicated by the white arrow in figure 3(b)).

CP allows in principle to control the planar position
of single nanowires on a target substrate too by tailored
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microtribological features, so-called nanowire catchers [32].
These nanowire catchers must be created prior CP on the sub-
strate by means of further microtechnological procedures. The
possibility to define nanowire catchers, e.g. to deposit only
single-SiNWs at the bending beam, was here not implemen-
ted for simplification reasons but is doable. An example of
a photoresist patterning strategy is shown in supplementary
information file in figures S2 and S3.

Regrowth of the as-deposited SiINWs was done compar-
ably to the growth of the original SINWs. However, the cata-
lyst is not pure gold anymore but an eutectic gold—silicon
alloy [43]. This aspect is not a critical issue, but a precipita-
tion of excess silicon from the alloy during cool-down at the
outer catalyst droplet surface. Surface silicon is prone to oxid-
ation under ambient conditions (native oxide formation) and
a native oxide layer is at least partly formed that obstructs
potentially a second VLS growth by preventing efficient incor-
poration of Si from gaseous monosilane within the process.
Hence, the native oxide layer was removed using 2% buf-
fered hydrofluoric acid for 10 s as a pretreatment prior to
regrowth.

Regrowth relies intrinsically on re-liquefying the VLS cata-
lyst to trigger another SINW growth. Here, two modes can be
discussed. First, the liquid catalyst will wet the original SINW
and the substrate, which leads to an upright but randomly
oriented SINW regrowth. Second, the liquid catalyst droplet
adheres solely or predominately to the original SINW, which
could induce a crystal kink [33, 34] at the onset of regrowth.
Kinking with an epitaxial interface between the original and
the regrown SINW would be then the basis of controlled SINW
elongation and angular alignment [35]. Within our experi-
ments, transferred SINWs could be successfully elongated by
regrowth.

However, the achieved SINW growth angles appear cur-
rently not aligned to specific kinking directions (figures 3(c)
and (d)). In contrary to an ideal epitaxial regrowth, other mor-
phologies or regrowth modes occur as well, which are schem-
atically illustrated in figure 3(e).

The predominant mode is in principle set by the ther-
modynamic boundary conditions such as SiHy partial pres-
sure, working pressure and overall growth temperature. It
was for instance observed in comparison with the primary
growth conditions that a lower growth temperature of 485 °C,
an increased working pressure of 75 mbar, and a higher
SiHy partial pressure (100 sccm 2% SiHy in He, 20 sccm Hj)
appeared to increase the likelihood to obtain an ideal
regrowth. These growth conditions are called in the following
‘secondary growth conditions’. Regrown SiNWs synthesized
under primary growth conditions were typically 5-8 pm long
with a diameter of 100-250 nm, whereas by utilizing sec-
ondary growth conditions, SINWs get longer (length about
20-22 pm, increased growth rate) and exhibit smaller diamet-
ers (cf figures 3(c) and (d)). The underlying regrowth mechan-
isms are so far hardly understood but indispensable to further
optimize the regrowth in future. Based on our experiments, the
orientation of the SINWs cannot yet be controlled by regrowth,
although this was our initial research hypothesis. This aspect
therefore hinders currently a high yield of probes as well as

the reproducibility of the fabrication process. The principles of
known crystallographic SINW kinking behavior may still be a
key point for controlling SINW orientations within regrowth in
future. Nevertheless, regrown SiNWs at the present state were
already suitable to be utilized as a scanning tip in a proof-of-
concept manner.

4. SiNW-equipped microcantilever scanning probe
fabrication

The fabrication of SINW-equipped AFM-compatible scanning
probes comprises the use or fabrication of a microcantilever as
well as the implementation of the aforementioned regrowth of
SiNWs. The primary strategy consists of SINW CP onto sus-
pended membranes that can be subsequently used to fabric-
ate microcantilever beams. The overall principle was already
depicted in figure 1(a). For our studies, SizN4-membranes
were used as a non-crystalline material that suppresses any
epitaxial SINW growth strategies.

Our microcantilever probes were fabricated from low-stress
SizNy-membranes that represent a suitable platform based
on their nearly flat surface and their transparency required
later for the ease of optical lithography mask alignment.
The primary substrates that were used for Si3N4-membrane
fabrication were commercially available 380 pum thick (100)
silicon wafers double-side coated by 1 pum thick low-stress
SizNy-films deposited by the low-pressure chemical vapor
deposition. The microcantilever fabrication of AFM compat-
ible probes is shown in figure 4 and is in principle com-
patible to other conventional AFM probe microfabrication
procedures (see [44]). First, the membrane and probe body,
still held by supporting arms, were defined by positive tone
photoresist (AZ5214E) optical lithography and a CF4-based
reactive ion etching (RIE) process to partly remove the SizNy
layer on the backside. After photoresist removal and cleaning
(N-ethylpyrrolidone, acetone and isopropanol), the unprotec-
ted silicon was etched through the entire wafer by using an
aqueous solution of KOH (20% wt) at 80 °C (etching rate of
approximately 47.5 yum h™").

The microcantilever beam was fabricated from the remain-
ing front side Si;Ns-membrane by using again the aforemen-
tioned positive tone photoresist optical lithography and CF,-
based RIE. The final AFM compatible probe can be released
by breaking the supporting arms by gentle bending and twist-
ing of the probe body. Microcantilevers fabricated in this man-
ner exhibit an initial beam bending of less than 6° with respect
to the probe top-surface.

For any implementation of the regrowth principle, it is
required to transfer SINWs from the growth substrate to the
microcantilever beam as done here by the aforementioned CP.
Within CP, shear forces are the leading forces and enable thus
in principle a control of the printed nanowire density by adjust-
ing the normal printing force and shear velocity (here: normal
force 0.5 N and shear velocity 1 mm s~'). The most obvi-
ous approach is to print SINWs on the Si3Ny-membrane, as
described before, followed by SiINW regrowth (cf figure 1). CP
was realized successfully with the aforementioned parameters
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(a)

Si;N,-membrane

probe

cantilever cantilever -
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Figure 4. (a) Schematic illustration of cantilever fabrication steps from Si3sN4-membranes: (1) photolithography process on a
SizNs-membrane in order to pattern a cantilever area on a photoresist; (2) etching process via RIE technique using CF,4 gas and removing
photoresist; (3) fabricated probes are released simply by breaking supporting arms. (b) Fabricated AFM probes; arrows indicate the

supporting arms, which can be broken in order to release the probes.
microcantilever beam.

3pum

3pm

(c) and (d) Examples of fabricated probes with single and V-shaped

Figure 5. (a) SEM image of contact printed SINWs on a silicon AFM tip; the white arrow indicates the contact printed SINWs. (b) SEM
image of regrown SiNWs on pyramidal silicon tips using the primary growth conditions. (c) Regrown SiNWs on pyramidal silicon tips

using our secondary growth conditions (SEM image).

and without any observable breakage of the suspended mem-
branes. Nevertheless, the most straightforward strategy is to
print SiNWs directly on free-standing, tip-less microcantilever
beams, which worked surprisingly well without any damage
by precisely controlling the applied force (see supplementary
information file for details).

The use of commercially available tip-less microcantilevers
as a substrate material is intriguing because it omits any need
to establish an own microcantilever fabrication. However, the
implementation of CP catchers is challenging or requires at
least further process steps [45]. Based on the promising results
achieved on tip-less microcantilevers, also commercial AFM
cantilevers equipped with the well-known pyramidal tips were
utilized (2 pm thick Si microcantilevers, stiffness 0.1 N m~").
Notably, the pyramidal tip acted as a kind of nanowire catcher
(figure 5(a)) and allowed to decorate the pyramidal tip with
SiNWs (figures 5(b) and (c)). Some commercial pyramidal
tips were even decorated accidentally with exposed single-
SiNWs that sufficed, although poorly, as a SINW AFM scan-
ning tip (figure 5(d)) as discussed later.

5. Regrown SiNWs as AFM scanning probes
for topography reconstruction

A critical parameter for AFM measurements, currently not
controllable for the regrowth process, is the reproducibility of
the polar but even more of the azimuthal angle of the regrown
SiNWs. But post-alignment of SiNWs is generally possible
and can be achieved, for instance, by focused ion-beam align-
ment as reported elsewhere [10]. Due to the angular align-
ment of SINWs, AFM image artifacts were expected to depend
on the SiNWs polar angle, the azimuthal angle, the sample
topography and the scanning direction and mode. In order to
investigate this aspect and in particular the overall function-
ality of regrown SiNW tips, AFM measurements were done
using a specified reference sample composed of a SiO,-based
array of circular pillars (pillar diameter of 2.6 pm, pillar height
of 500 nm, and pitch size of 5 pm).

AFM measurements using regrown SiNWs situated on the
pyramidal tip of commercial AFM probes (cf figure 5(c))
could be only realized in the so-called contact mode as shown
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Figure 6. (a) SEM images of a SINW scanning tip situated on a silicon pyramid and AFM topography image of the reference (right). The
upper and lower images (left) depict the same SiNW grown on a pyramidal tip inside- and front-view. (b) SEM images of a regrown SiNW
probe on a SizN4-microcantilever (top-left) and SEM image of the reference sample (lower left) as well as AFM topography image of the
reference sample (right). (c) Indicated line scans on the reference sample decorated with pits (top) for the probes shown in (a) conventional
pyramidal silicon tip and the probe shown in (b) as well as an illustration of the overall scan scenario. (d) Line profiles as indicated in (c) to

evaluate the high aspect ratio properties of the scanning tips.

in figure 6(a). The circular pillars appear, for instance, well-
resolved in the upper half but the lower half of the struc-
tures are distorted by tip artifacts. In fact, this asymmetry
can be explained by the azimuthal angle of the SINW that
creates asymmetric scanning conditions. These SiNW tips
appeared generally inappropriate for an AFM scanning oper-
ation based on the distorted topography images. Such SINW
tips showed furthermore clear signs of wear such as adhesion
loss to the pyramidal substrate tip, breakage and failed thus fre-
quently. However, the use of such tips is not intrinsically lim-
ited by the overall geometric SINW conditions unless elastic
deformation is discussed, as has already been done using
our aforementioned simulations. The performance of such
tips is however, not discussed any further (see supplementary
information file).

SiNWs that were regrown on SizN4-microcantilevers gave
in contrary well-resolved topography images of the utilized
reference sample as shown in figure 6(b) and enabled fur-
thermore, a usage of the so-called AFM peak-force tap-
ping mode. The pitch and height of the structures are here
in alignment with the reference sample specifications. The
SiNW tips remained for almost all cases intact despite mul-
tiple use and survived even high loads of up to 90 nN while
using hard sample surfaces represented here by sapphire (see
supplementary information file).

In order to compare the functionality of SINW tips with
common pyramidal silicon tips (conventional AFM probe,
Bruker-OTESPA, with spring constant of 14 N m~! and res-
onant frequency of 210 kHz), topography measurements were
performed using the same conditions on the reference sample
(air, contact mode). The measurements yielded comparable
results with a pillar height of 476 nm (error about 5% com-
pared to reference) and 468 nm (error 6%) for the commercial
and the SiNW tip, respectively. The measured root-mean-
square roughness values using the peak-force tapping mode
on the silicon surface between the pillars by a SiNW tip
and a plain silicon pyramidal tip are (1.81 £ 0.01) nm and
(8.4 & 0.4) nm, respectively.

The fact that silicon AFM pyramidal tips exhibit a smal-
ler tip radius (nearly 10 nm, based on specifications) com-
pared to the SINW tip with a tip radius in the range of 60 nm,
yields consequently an increased lateral resolution of the pyr-
amidal silicon tip. Hence, the SINW scanning tip is more
prone to smoothing (cf supplementary information file). Nev-
ertheless, the SINW tip can be sharpened too by adequate
post-processing as, for instance, discussed briefly as well in
the supplementary information file. Generally, this gold-based
particle is considered to have lower wear resistance compared
to silicon or silicon oxide. Therefore, removing the catalyst
can be a simple solution to increase the wear resistance of
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these scanning tips. The Au-Si alloy particles can be, for
instance, etched in a potassium iodide solution (see supple-
mentary information). However, post-sharpening of the tip
may still be required to achieve or approach the tip radius of
conventional pyramidal tips. However, as previously stated,
the hemispherical catalyst on the SINW tip still has a high
potential, e.g. for use in the examination of soft and delic-
ate surfaces. To evaluate the performance of SiNW probes
further, comparative measurements using conventional AFM
cantilevers and a reference sample with circular pit structures
instead of pillars but with the same diameter, pitch size and
height as the aforementioned reference sample were done.
The overall topography scan appears rather similar, although
slightly improved for SiNW tips, and exhibits even similar
scan asymmetry artifacts as shown in figure 6(c). To improve
the analysis, the transition from the surface to the pit bot-
tom was furthermore, inspected as indicated and illustrated in
figure 6(c). The transition slope can here serve as a first per-
formance indicator that is created by convolution of the real
surface profile, assumed as vertical sidewall, with the tip geo-
metry. As shown in figure 6(d), the pyramidal tip shows at first,
as expected, an almost ideal linear transition behavior with a
slope of about —3.9 £ 0.1 and 3.1 £ 0.1 for down and up scan-
ning, respectively. Notably, lower slopes are obtained for up
scans, which should be due to the observed scan asymmetry
for both, pyramidal and SiNW tips (cf figure 6(c)).

The description of the SINW scanning tip behavior requires
in contrary, two regions as indicated in figure 6(d). We cur-
rently believe that the upper region or slope is most likely
attributed to the larger tip radius of SINW scanning tip as well
as to the SiNW alignment while the lower region is attributed
to the SINW high aspect ratio geometry. If both regions are
described in a first order approximation by a linear trend, a
slope for the upper part of about —3.8 £ 0.8 and 1.8 £ 0.1, and
for the lower part of about —9.3 + 0.1 and 4.7 &+ 0.3 always
for down and up scanning, respectively is obtained.

This result provides an experimental indication of an
improved suitability of SINW scanning tips to measure high
aspect ratio geometries based on the increased sloped in the
lower part in comparison the conventional pyramidal scan-
ning tip. Besides, from pure topological surface reconstruc-
tions, the utilized peak-force tapping mode has the inherent
advantage that along with the topography also mechanical
properties of the sample can be determined. The tip approach
and retraction behavior is here important and can be extrac-
ted from so-called force graphs available for each scanned
point (cf supplementary information file). The minimum force
observed in the retract graph indicates the adhesion force
between the tip and the sample [46].

The retract plot of a SINW tip is compared accordingly
again with the pyramidal tip but this time on a sapphire sample.
The peak-force value was kept constant for both tips at 75 nN.
The adhesion force is estimated for the pyramidal silicon tip
with around 36 nN and for the SiINW tip with 50 nN. Notably,
both values are in overall agreement and support the usabil-
ity of our SiNW tips. The slight difference could be due to the
presence of the gold—silicon alloy catalyst that was still present
at the SINW tip.

The experimental results indicate clearly that regrown
SiNW tips suffice to create AFM soft scanning probes. In this
regard, the superior durability can be as well emphasized. Nev-
ertheless, a broader usability is currently limited by the low
reproducibility of the regrowth process, which comprises lack
of angular SINW orientation control as well as the control over
the overall regrowth yield. If adequate regrowth conditions
can be established, this method might be a capable strategy
for nanowire-equipped AFM scanning probes even beyond
silicon.

6. Conclusion

We presented a strategy to equip microcantilever beams with
single-SiNW scanning tips that were directly grown by gold-
catalyzed VLS synthesis. We discussed the SINW tip softness
and the impact of the microcantilever stiffness based on FEM
simulations. The overall assembly strategy relies on so-called
SiNW regrowth, which comprises a SINW elongation from
previously transferred, as-grown SiNW, e.g. by nanowire CP,
and reusing the original growth gold catalyst within a second
VLS growth process. The regrowth process requires still fur-
ther research to increase the overall reproducibility and yield
as well as to enable control over the polar and azimuthal angu-
lar alignment of regrown SiNWs. Nevertheless, SINW scan-
ning probes were successfully created in this manner on SizNy
microcantilevers and implemented for AFM.

AFM measurements showed evidently that the assembled
SiNW scanning tips are suitable for topography reconstruc-
tion as well as overall comparable with conventional pyram-
idal scanning tips besides their high aspect-ratio nature and a
superior durability.
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