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The fabrication of sharp tips manufactured using silicon or using a silicon mold is a widely
used method with a wide range of applications. In this study, we extend our work on the
fabrication of tetrahedral molds in (111) silicon and the fabrication of tips based on those molds.
We present multiple strategies to make a range of different structures out of silicon-rich nitride,
focusing on an approach that takes advantage of oxidation sharpening to improve both the
aspect ratio and the tip radius, as well as to make the fabrication process both more efficient and
versatile. In this way, single tips and so-called tripod tips with a radius of less than 3 nm are
successfully fabricated and used in an AFM probe to show the functionality of the tips.

1. Introduction

The fabrication of sharp tips, made using silicon or made using silicon molds, is investigated
extensively for a broad range of applications, such as field emission, atomic force microscopy
(AFM), and cell research.!"® For typical applications, a robust tip with a high aspect ratio and
a small radius is essential. Molded tips, for example made from silicon nitride, diamond-like
carbon® or metals,® are widely used for a range of applications.

Typically, such molded tips are made with a pyramidal pit as the basic mold.() However, it
has been widely recognized that such molded tips, owing to small imperfections inevitable at
the nanometer scale, lead to a bladelike apex rather than a single tip.(lo) Furthermore, silicon

molds can be sharpened by thermal oxidation;¢7!"1?)

at low temperatures, owing to the stress
in the material, the oxidation rate in the vertices of a mold is reduced relative to that on the flat
surfaces. > The combination of imperfect pyramidal pits with oxidation sharpening can lead
to the undesired effect of a double tip, where two small tips are close to each other at the apex.(lo’15 )

An alternative approach known in the literature is to stack multiple layers in a smart and
well defined way to make a sharpened mold within these layers. This approach, however,
suffers from the required lithographic steps and accuracy thereof. The surface roughness plays
a prominent role in the definition of the mold as well.19)

To circumvent the potential imperfections of a pyramidal mold, or of a mold made of
multiple deposited and lithographically defined layers, we previously presented a method in

which a tetrahedral mold is made in (111) silicon.!”) In this way, the tetrahedral silicon crystal
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structure is used to obtain a fully consistent, symmetric, and predictable mold with three side
planes that generally intersect in a single point. With that approach, it has been demonstrated
that tetrahedral molded tips are successfully fabricated. In this work, we expand on this
approach and investigate further the potential of using such a tetrahedral mold, with a focus on
different strategies for and effects of the oxidation sharpening of the molds and thereby the pits
made in those molds.

In Sect. 2, the method of mold fabrication described by Vermeer et al' is reiterated.
Subsequently, the methods of fabricating tips out of this are described, followed by the results of
the fabrication of such tips in Sect. 3. Finally, in Sect. 4, a practical application of an oxidation-
sharpened tetrahedral tip as an AFM probe, with AFM results, is presented.

2. Methods

The fabrication of tetrahedral molded tips consists of two basic processes, namely, the
fabrication of a mold and the fabrication of a tip within a mold, which are sequentially discussed
here.

2.1 Mold fabrication

The fabrication of the mold is schematically shown in Fig. 1 and starts with (111) silicon
wafers. The orientation and geometry of {111} planes with respect to the wafer surface are
critical in the fabrication of the tips. Anisotropic etching techniques'® play an essential role in
the processing.

First, thermal oxidation is performed on a silicon wafer to form a silicon oxide mask, and
the silicon oxide layer is patterned using standard lithography with a circular mask opening (a).
Second, deep reactive ion etching (DRIE) is used to etch a pit with a conical shape (b). The
DRIE process consists of a SF¢ plasma for etching and a C4Fg plasma for deposition.(lg) In this
etching process, the cycle time and gas flow rate are tuned to obtain a positively tapered pit
with a minimized bottom surface area. The last step of the pit fabrication is the development

Silicon Oxide
£l

(@)

Fig. 1. (Color online) Schematic cross-sectional view of the fabrication process for the tetrahedral molds. (a) A (111)
silicon wafer is oxidized and patterned to make (b) a conical pit using a DRIE process followed by (c) anisotropic
etching to obtain the tetrahedral shape formed by the (111) crystallographic planes. (d) Finally, the silicon oxide
mask is removed to finish the mold.
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of {I11} planes in the pit using anisotropic etching, tuned for slow, thus controlled, etching and
a low etching ratio of {111} planes with respect to the other crystal planes (c). Inevitably, the
DRIE process will always result in pits with a small bottom surface area. After the anisotropic
etching, this will unpreventably result in a triangular bottom surface in the pits. After the
anisotropic etching, the silicon oxide mask is removed to complete the mold fabrication (d).

2.2 Tip machining

With such molds, several methods of fabricating tips can be employed. We previously
presented a general process to develop tips using the molds.1”) Starting with a silicon wafer
with tetrahedral pits (a), the process comprises filling the mold with a fill-up layer, conformally
deposited by the low-pressure chemical vapour deposition (LPCVD) of tetraethyl orthosilicate
(TEOS). Owing to the geometry of {111} side planes in combination with the bottom (111)
surface, the size of the bottom surface decreases with increasing layer thickness. Subsequently,
the device layer that forms the tips is deposited, for example, using LPCVD silicon-rich nitride
(SiRN). To properly release the tips from their mold and remove the fill-up layer, it is essential
that materials are chosen such that a high selectivity exists between the material of the tips
and those of the mold and fill-up layer. As silicon can be removed with potassium hydroxide
(KOH) or tetramethyl ammonium hydroxide (TMAH) etching steps and TEOS with buffered
hydrofluoric acid (BHF) with high selectivity with respect to SiRN, this combination of layers
has been chosen.

This general process results in sharp tips with a tetrahedral shape, following the {111} side
planes of the mold. To further investigate the possibilities that this method provides, several
modifications are made to this general process to alter the resulting tips.

2.2.1 Direct mold — flat tip apex

Firstly, using a truncated tetrahedral pit directly as a mold, thus without a fill-up layer, will
result in a tip with a triangular flat apex, as shown in Fig. 1(d). By tuning the tapering and
sharpness of the pit, either by tuning the DRIE or KOH etching steps, the size of the triangular
flat apex is tuned.

2.2.2 Conformal filling and oxidation — oxidation sharpened tip

Secondly, given the mold filled with a TEOS fill-up layer, by thermal oxidation at a
relatively low temperature, both the TEOS layer and the underlying silicon are annealed and,
most importantly, oxidized. This process results in the oxidation sharpening of the mold,
as schematically shown in Fig. 2. The rest of the process remains the same and results in an
oxidation-sharpened SiRN three-plane tip, which has an increased aspect ratio towards the apex
compared with the nonsharpened tip.
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Fig.2. (Color online) Schematic cross-sectional drawing of the thermal oxidation of the TEOS fill-up layer,
showing the silicon mold (a), the nonsharpened mold with the TEOS fill-up layer (b), and the result of the thermal
oxidation of the TEOS and the underlying silicon, resulting in the sharpening of the mold (c).

2.2.3 Mold oxidation — tripod tip and single tip

Thirdly, the truncated tetrahedral pit is not filled up with an LPCVD layer of TEOS, but
instead is directly thermally oxidized at a relatively low temperature, as shown in Fig. 1(d).
In that case, the shape of the mold will depend strongly on the thickness of the silicon oxide
layer with respect to the size of the bottom surface of the pit, as schematically depicted in Fig.
3. Owing to the triangular bottom surface and the oxidation thinning in the convex corners,
the oxidation process will initially result in a mold with three small pits in the corners of the
triangular bottom surface. By further oxidization, the sidewalls of the pit will form a neck in
the pit, which will ultimately result in a sharp pit.

This will subsequently yield a SiRN tip with three tips, the so-called tripod tip, after longer
oxidation, or a single relatively shorter single SiRN tip will be formed, as schematically shown
in Fig. 4.

3. Results and Discussion

The DRIE process used to etch the tapered pits in the (111) silicon is a fast-switching
deposition-limited Bosch process performed in an Adixen AMS100 SE at —40 °C. The tapering
is achieved by passivation using 175 sccm Cy4Fg for 1.0 s, which is balanced with etching using
150 sccm SFg for 0.5 s, both at an ICP of 1500 W and a CPP of 60 W, with a duty cycle of
10%. In this way, the depth of the pit and the size of the bottom surface will be optimized after
anisotropic etching. To obtain the smallest possible bottom surface, the SF¢ etching is reduced
as the etching time progresses, which in turn results in a lower etch rate and thus a pit that is
relatively shallow. Eventually, this will in the end result in a relatively small tip. On the other
hand, if a relatively large tip is required, thus a relatively deep tapered pit, the SFg etching
remains constant over the entire etching process, which as a consequence also results in a larger
bottom surface.
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Fig. 3.  (Color online) Schematic cross-sectional drawing of the thermal oxidation of the silicon tetrahedral mold,
which initially results in a mold with three small pits (a). Longer oxidation results in an increasingly thinner neck (b),
which ultimately sharpens to a single pit (c).

@ (b)

Fig. 4. Schematic drawing of the filling of the molds obtained by thermal oxidation of silicon, which will result in
a tripod tip for short oxidation duration (a) and in a single tip for longer oxidation duration (b).

For anisotropic etching, a specially prepared solution of KOH is used. As stated earlier, the
KOH etching is aimed at controlled etching and a low etching ratio of the {111} planes with
respect to the other crystal planes, such that the {111} side planes are well developed with a
minimal bottom (111) surface. Commonly used KOH etching solutions typically are aimed at
the fast etching of relatively large structures and thus have etch rates for the (001) and (011)
directions on the order of several hundreds of nanometers to over one micrometer per minute,
depending on temperature and etchant concentration,®” and the etch rate in the (111) directions
is several nanometers to tens of nanometers per minute.>">? However, for this application,
much lower etch rates are required. For well-tapered pits after the DRIE process, no more than
500 nm of silicon has to be etched in the (001) and (011) directions. To controllably achieve
this, a dedicated KOH solution, consisting of 60 wt% KOH in water at 20 °C, is prepared. This
solution is characterized for (001) silicon, (111) silicon, and thermally grown silicon oxide,
as this oxide is used as the masking material. The etch rate is measured over several days of
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etching, resulting in average etch rates of 0.46 pm/h in the (001) direction, 3.2 nm/h in the (111)
direction, and 0.55 nm/h for thermally grown silicon oxide. The etch rate ratio of the (001) and
(111) directions is therefore Rpoi:R111 = 142:1, and this, together with the sufficiently low etch
rates for both silicon and silicon oxide, results in an etching solution that gives excellent control
over the KOH etching process, without degrading the silicon oxide mask.

Using the combination of the dedicated DRIE and KOH etching processes, starting from a
5-um-diameter circular mask opening, pits have been obtained with the length of the sides of
the triangular bottom surfaces as small as 50 nm, as depicted in Fig. 5. The pits are, depending
on the balancing of the DRIE process, as described earlier, estimated to be between 8 and 15
um deep.

On the basis of these molds, all the mentioned different types of tips have been fabricated.
By not filling the silicon molds with a fill-up layer, a tip is made with a flat triangular top
surface. The size of the triangular top surface is tuned by balancing the DRIE process and
changing the KOH etching time; in this way, flat SiRN tips are made with flat surfaces with side
lengths ranging from 60 nm to 1 um, as shown in Fig. 6. As the etching of the pit is very well
controlled, especially by the very slow KOH etching, this process results in very well controlled
top surface sizes with a high uniformity over the wafer, where the typical nonuniformity of
the tip size is less than 10%. Furthermore, as the mold has a perfect crystalline (111) plane as

its bottom surface, the top surface of the tip is extremely smooth. The smoothness of the tip
(23,24)

surface could, for example, be of great benefit in friction and contact mechanics probing.

Fig. 5. (Color online) Top-view scanning electron Fig. 6. SEM image of a silicon nitride tip with a flat
microscopy (SEM) image of a pit in silicon after KOH top surface and a side length of approximately 500
etching, showing the three sides of the tetrahedral pit nm.

and the bottom surface in the center. Furthermore, the
length of the sides of the triangle, the parameter a as
used in Eq. (2), is indicated by the arrow.
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We previously presented the results of conformally filling the mold with a layer of TEOS
and subsequently depositing the SiRN device layer.(”) In addition to the work presented there,
it is important to note that for this process to result in a sharp tip, the conformal deposition of
the fill-up TEOS layer plays a crucial role. If for some reason the thickness of the fill-up layer
on the inclined surface, ;. is a factor X less, which is practically common,(25 ) the ratio of the
thickness on the inclined surface to that on the flat surfaces is given by Eq. (1).

tincl =Xx tﬂat (1)

The minimum thickness of the fill-up layer, ¢,,,, over the side length of the initial bottom
triangle, a, for this specific geometry is easily derived using the properties of the (111) planes in
silicon and standard trigonometry. The minimum thickness of the fill-up layer in that situation
is described by Eq. (2) and depicted in Fig. 7.

tnin = a @

Typically, the annealing of TEOS is used to densify the TEOS layers.?® In this case,

however, that would lead to undesired effects, such as the rounding of the TEOS layer at the
bottom of the pit, which would result in a rounded tip. Therefore, we instead use the thermal
oxidation of the TEOS-filled mold. The thermal oxidation of the underlying silicon results in
the further oxidation of the TEOS layer and the underlying silicon. For this process, a relatively
low temperature dry oxidation is performed at 1050 °C to prevent the viscous flow of the oxide

tmin/a
)
wn
|

Fig. 7. (Color online) Minimal thickness #,,;, that is required to completely fill the mold relative to the side length
of the original bottom surface, a, versus the ratio of the thickness of the “conformally” grown fill-up layer on the
inclined surface to that on the flat surface, X, as given by Eq. (1).
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in the concave corners. This temperature is, however, sufficiently high to obtain a sufficiently
thick oxide layer. Owing to the reduced oxidation rate in concave corners and edges in
silicon,?”) and as the combined thickness of the TEOS fill-up layer at the edges and bottom of
the pit is larger, which further decreases the oxidation rate at the edges and bottom of the pit, the
TEOS-filled mold is oxidation-sharpened.(zg) This in turn results in a sharpened SiRN tip with
an increased aspect ratio with respect to the unoxidized mold. SEM images of the resulting
SiRN tip are shown in Fig. 8.

Apart from the very high aspect ratio of the tip, the radius of the oxidation-sharpened SiRN
tetrahedral tip is determined on the basis of and limited by SEM imaging. To this extent, edge
detection is used to determine the theoretical extrapolation of the two sides of the tip in the SEM
image. Subsequently, a circle is measured touching both sides of the tip, such that the entire
circle falls within the tip, as schematically depicted in Fig. 9. On the basis of this, the radius of
the oxidation-sharpened SiRN tetrahedral tip is estimated to be less than 3 nm.

Fig. 8. SEM image of a SiRN tip that was molded in a thermally oxidized TEOS mold, which results in an
oxidation-sharpened tip with a radius of less than 3 nm.

Fig. 9.  Schematic representation of the tip radius determination procedure. In grey, the tip as imaged by SEM
is depicted, and in black, the edges are shown, after which the radius is determined with the inscribed circle, also
shown in black.
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When no conformal fill-up layer is deposited in the tetrahedral mold and the mold is
subsequently thermally oxidized, the shape of the resulting tip strongly depends on the oxidation
time and temperature with respect to the dimensions of the pit. In both of the two following
cases, oxidation was performed for 12 h at 1050 °C.

In the first case, the DRIE process and KOH etching time were chosen to obtain relatively
big bottom surfaces of approximately 1.2 pm. As the oxidation of silicon for 12 h at 1050 °C
results in approximately 400 nm oxide on flat (111) planes, the oxidation sharpening of the
bottom surface occurs in such a way that a mold with three small pits emerges. The resulting
tripod tip therefore also consists of 3 small tips in the same plane, as depicted on the left side in
Fig. 10 by SEM imaging.

In the second case, starting with a similar size of the bottom surface of the pit, a much higher
level of oxidation was performed for 36 h. This still results in a tripod tip with three tips, but
with a much higher aspect ratio and a more pronounced shape. Compared with the first case,
the tripod is considerably less flat, as shown on the right side in Fig. 10.

In the third case, the DRIE and KOH etching processes were tuned to minimize the
bottom surface to less than 150 nm. Then, thermal oxidation for 12 h at 1050 °C results in the
congregation of the sides of the mold, in which a neck is formed in the mold that eventually
results in a sharp tip. The SiRN tip formed by filling the mold is shown by SEM imaging in
Fig. 11. From the SEM imaging and using the same analysis methodology described before, the
tip radius for direct thermal oxidation is estimated to be 8 nm, which is not as small as those in
the above-mentioned fabrication methods. The benefit of this tip, however, lies in a simplified
process flow, which does not rely on methods of conformal deposition with LPCVD, while still
resulting in an oxidation-sharpened high-aspect-ratio molded tip with a very sharp apex.

@ (b

Fig. 10. SEM image of a silicon nitride tip originating from a silicon mold, which was directly thermally oxidized
at low temperature. (a) The result is shown for a relatively short amount of oxidation time (relative to the size of the
bottom surface of the pit), resulting in a relatively flat tripod tip with three small sharp tips. (b) The result is shown
for a relatively long oxidation time, but still short enough to end up with three tips, with a significantly higher aspect
ratio.
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Fig. 11. SEM image of a silicon nitride tip fabricated Fig. 12. SEM image of the silicon nitride cantilever
from a directly thermally oxidized silicon mold, with the tip at the end of the cantilever.

where oxidation was performed for a relatively long

time, resulting in a sharpened SiRN tip with an

estimated radius of 8 nm.

4. AFM Experiments

For the fabrication of cantilever probes, as previously published,!” the cantilever width,
thickness, and length of 30 pum, 600 nm, and 100 um, respectively, have been chosen, such
that the cantilever will have the theoretical stiffness and resonance frequency of 0.5 N/m
and 110 kHz, respectively.(29) This is in the range of typical AFM tapping mode probes and
therefore the dimensions have been chosen as such.

As explained in Ref. 17, the complete removal of the silicon wafer after bonding to the glass
carrier wafer requires extra attention as a (111) silicon wafer is used. The removal process in
this case deviates from what is common; as in most situations, the silicon wafer, which has to
be removed at some point to expose the tip, is a (001) wafer. A (001) wafer is easily removed
by etching for 10—15 h in TMAH or KOH. The fact that we have used a (111) wafer here means
that the wafer surface etches extremely slowly during anisotropic etching and that the complete
removal of the silicon wafer would take several weeks. Therefore, after defining the cantilever
and chip in the stack of deposited layers, another lithographic step is used to define rectangular
openings through which wafer-through DRIE is performed. These holes in and completely
through the wafer will expose the vertical planes in the (111) wafer, which are not formed along
slow etching directions, and can therefore be etched much faster. In this way, the total etching
time will be reduced to 8—12 h, which is common for this procedure.

After the removal of the silicon wafer and oxide layers, where applicable, the tip and
cantilever are exposed as shown in the SEM image in Fig. 12. The probes are then separated
by breaking the glass into single probes through the breaking grooves that have been diced,
whereby the fabrication of the probes is successfully completed. Owing to the geometry of the
tip, the fabrication thereof is very robust and the yield therefore is on the order of 90%.



Sensors and Materials, Vol. 31, No. 9 (2019) 2821

1.1 nm

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

400 nm

— Profile 1

heigth [nm]
2 ooe: o BB
[ I O -

)
=

L
=)

T T T T T T T T T ‘ T T T T T T T T T
.0 0.1 0.2
X [um]

=]

Fig. 13. (Color online) AFM measurements of a (111) silicon sample with atomic steps, with the SiRN tip obtained
from a mold with thermally oxidized TEOS inside. The scale bar represents 400 nm. Underneath the topography
image, a line profile is shown, as indicated by the white line in the topography image indicated by the number 1.

The sharpest tips based on the SEM analysis discussed before, being the SiRN tips fabricated
from a thermally oxidized TEOS mold, are used to perform AFM measurements. The
measurements are performed on a (111) silicon sample with atomic steps in the contact mode.
Multiple tips are used to perform a number of AFM measurements. A typical topography
image and a typical line image of one of those measurements are shown in Fig. 13.

In the topography image of the measurement, multiple atomic steps are clearly observed,
and the roughness of the sample is also visible. The line profile confirms this observation and
on the basis of the analysis of this measurement and the observed features, the tip radius is
determined to be less than 4 nm in one direction, which is in good agreement with the SEM
analysis.

5. Conclusions

We successfully demonstrated a method of fabricating tetrahedral molds with perfect
{111} planes as side walls, which we controllably tune in depth and bottom surface size. To
this extent, dedicated DRIE and anisotropic etching have been developed, which allow a high
degree of control over the shape of the molds. The tapering of the mold prepared by DRIE
is controlled by limiting the etching over time during the Bosch process. The etching of the
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(111) planes is limited by using a highly selective and highly concentrated KOH solution for
anisotropic etching at room temperature, resulting in a 142:1 etch speed ratio when comparing
etching in the (001) direction to that in the (001) direction.

By using such molds, several methods have been shown to fabricate tips of various shapes
ranging from flat tips to tripod and ultrasharp single tips. The choices made in the layers
grown inside a mold play a crucial role here. In this way, flat triangular tips with a side length
ranging from 60 nm to 1 um are fabricated. By the oxidation of the conformally filled mold,
the perfectly tetrahedral tips are sharpened to achieve an extra high aspect ratio. On the basis
of SEM imaging, it is estimated that a tip radius of less than 3 nm is achieved.

Furthermore, the direct low-temperature oxidation of the mold results in a tripod tip with
three small sharp tips for a relatively short oxidation time and a sharpened single tip with a
typical tip radius of 8 nm for a relatively long oxidation time.

Given the successful development of methods of fabricating several different types of
molded tips, a procedure to create a complete AFM probe has been developed, which has
successfully been used for AFM imaging that yields topography images with both high lateral
and spatial resolutions. The AFM images obtained confirm the SEM-based estimate of the tip
radius.
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