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This work presents a methodology for fabricating high aspect ratio atomic force microscopy (HAR-AFM) probes
and its applications in high aspect ratio nanostructure topography and liquid surface tension measurement. The
focus ion beam (FIB) precisely positions and grows HAR tips of controlled diameter, height, and tilting angle,
which can fabricate robust, repeatable, and multi-angled HAR tips. Through ion beam etching, the probe tip was
further sharpened, which helped to achieve a high resolution of topography scanning. We achieved HAR probes
fabrication with an aspect ratio of 5-40, a maximum height of 20 ym, a minimum diameter of less than 100 nm,

and a tilting angle range of 0-15°. The actual superior performance of FIB-fabricated probes is demonstrated by
observing the topography of nano-trenches by HAR AFM probes and compared with commercial pyramid-shaped
AFM probes. An additional application is demonstrated that surface tension of micron/nanodroplets could be
measured accurately by HAR AFM probes.

1. Introduction

Atomic force microscopy (AFM) probes, as crucial components of
AFM, determine significantly the resolution and function of the mea-
surement. An AFM probe consists of a micro-cantilever and a tip at the
free end. According to the geometry of the tips of the AFM probes, they
can be categorized into pyramid-shaped tips, high aspect ratio (HAR)
tips, spherical tips, tipless, etc. HAR AFM probes are increasingly
demanded for research of 3-D nanomaterials and nanodevices[1-3] such
as FinFET transistors [4-6], biological and molecular materials[7-9],
photonic crystals [10-14], etc. Conventional AFM probes have low
aspect ratio pyramid or conical tips and are not capable of acquiring
accurate topography images since the tip cannot touch the bottom of the
deep trenches. On the contrary, HAR probes are more advantageous

because they can reach the bottom of these structures with HAR tips and
accurately obtain the real topographical information of the structures
including bottom morphology and depth[15].

In addition, HAR probes could also be applied in atmospheric sci-
ence, such as measuring the surface tension of atmospheric particulate
matters (PM), which are solid or liquid droplets, with the aerodynamic
diameter ranging from around -3 nm to 100 um. The surface tension of
atmospheric PM is important. Because of Kelvin effect [16], the lower
the surface tension of PM is, the easier the PM could absorb water and be
activated as cloud condensation nuclei, then more cloud condensation
nuclei in the atmosphere further impact climate [17]. Surface tension of
PM varies because of various chemical compositions in the PM, thus it is
important to measure the actual surface tension of PM. The surface
tension measurement methods of macroscopic liquids are mature
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including the pendant drop method [18] and the ring tensiometer [19].
However, although measuring the surface tension of micro/nanometer
scale PM is crucial in the study of cloud nuclei formation, there are only
limited methods for measuring the surface tension of a single micro/-
nanodroplet, including using the HAR probe by AFM [20]. The challenge
lies in the difficulty of fabricating nano-scale robust probes of a size
suitable for surface tension measurements.

To the best of our knowledge, mainly four categories of methods
have been invented to produce HAR AFM tips, and the tips were often
long and cylindrical. The first category of the method is to weld or glue a
long nanowire to micro-cantilever[9,21-27]. Examples reported
include: attaching a single carbon nanotube (CNT) or welding CNTs to
AFM probes[9,22]; bonding GaN nanowires to an AFM probe[23]. The
GaN nanowires are of higher strength than CNT thus more resistant to
bending. The second category of the method is to deposit catalysts on the
AFM probe and to grow 1-D nanomaterials in situ[ 28-30]. For example,
Knittel et al. deposited Pt catalysis precisely on the truncated AFM probe
tip via focused ion beams (FIB) and then grew silicon nanowires in situ
to produce an HAR probe[29]. The third category employed focused
electron beams for deposition and focused ion beams for deposition or
milling[31-35]. For instance, electron beams were used to induce
organic material deposition on AFM tips [35]. The fourth category
proposed selective growth of intermetallic silver-gallium nanowires
[36-38]. For example, Yazdanpanah et al. described that an Ag-coated
AFM probe was positioned over a melted or supercooled liquid drop of
Ga between 15 and 25 °C. Then silver-gallium nanowires were co-c-
rystallized[36]. However, most abovementioned approaches lack pre-
cise control over the geometry, the tilting angle, as well as the position of
the HAR tips. Therefore, methods for fabricating HAR probes with
precisely defined geometry, tilting angles and positions are still
demanded to ensure high performance, reliability and repeatability.

Here, we demonstrate a methodology to produce HAR probes using
FIB-induced deposition. We have optimized the methodology by
including the angle control and sharpening the diameter of the HAR
probe. We have achieved accurate control of the tip geometry of HAR
probes according to the application requirement, with an aspect ratio of
5-40, a tip height up to 20 pm, and a tip diameter from 100 nm to the
micron.

2. Experiment

Fig. 1 shows the three major steps of the HAR probe fabrication
process. Starting with a commercial AFM probe with a pyramid-shaped
tip (Fig. 1(a)), the first step was to employ FIB to remove the top of the
tip to render a flat plateau. FIB uses high-energy ion beams to bombard
silicon atoms of the silicon sample to achieve the micro/nanometer-scale
etching [39,40]. During ion beam etching, the probe was placed verti-
cally on the sidewall of the sample stage, then the sample stage was
adjusted to a suitable angle, and an ion beam of 10 pA and 30 kV was
selected for etching. The result of the first step was to produce a trun-
cated AFM tip with a diameter of 1 um for the plateau (Fig. 1(b)). The
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second step was using FIB to deposit a cylindrical metal platinum col-
umn on the flat plateau. The high energy of the ion beam could induce
chemical deposition of metallic materials, such as Pt, W and Au, and
non-metallic materials, such as C and SiO3 [41]. In the process of ion
beam induced deposition, the AFM probe was placed horizontally on the
platform, and the platform was adjusted to a suitable angle for ion beam
deposition. In this way, with FIB metal ion deposition, different depo-
sition patterns and deposition parameters can be selected. A cylindrical
metal platinum column was selected to be deposited and different pa-
rameters were adjusted to obtain a column with an HAR tip of 5-40. Its
diameter can range from 100 nm to 500 nm, its height can range from 5
um to 20 pm and the tilting angle range of the HAR tip was 0-15 degrees
(Fig. 1(c)). The tip height was at most around 20 um due to the limita-
tion of the FIB deposition focusing area, which will be discussed in the
Results and Discussion. AFM probe with HAR tip of tilting angle 15° was
needed for scanning topography of HAR structure, because after
clamping AFM probe to the probe holder in our AFM instrument, there is
a tilting angle of ~15°. Therefore, the HAR probe with a tilting angle 15°
exactly compensates for this effect [42]. Since the diameter of the ob-
tained cylindrical HAR probe in this step was large, but smaller probe tip
diameter was needed. Therefore, the last step was using FIB etching to
sharpen the cylindrical tip to obtain a smaller diameter. After FIB
etching, the diameter of the cylindrical tip can reach 100 nm or less
(Fig. 1(d)). All the steps of this method were ion beam etching and ion
beam induced material deposition, which could accurately control the
tip geometry including the diameter, height, and tilting angle.

The source of the pyramid-shaped commercial probe was AC160
purchased from Oxford Instruments. The length of the cantilever was
160 pm, and the width was 40 um. The FIB used in this study (ZEISS
crossbeam 350) combined the excellent imaging and analysis perfor-
mance of the high-resolution field emission scanning electron micro-
scope (FE-SEM) and the excellent processing capabilities of the focused
ion beam.

3. Results and discussions

FIB was used to fabricate HAR probes with a maximum aspect ratio
of up to 40. Before fabricating the HAR probe, the method was tested for
producing HAR platinum nanopillars on a silicon wafer with different
heights, diameters, and shapes. Fig. 2(a) are SEM images of nanopillars
with increased heights produced by increased deposition durations. The
probe was with the largest HAR of about 40, and the maximum height of
the nanopillar was about 20 um. These consistently fabricated probes
have much larger aspect ratios than the probes produced by existing
methods roughly ranging from 5 to 20. Fig. 2(b) demonstrated that the
diameter of nanopillars increases with increased deposition durations.
The diameter of the nanocolumn can be controlled stably between
100 nm and 1 um by controlling the beam irradiation area. This larger
range of heights and diameters expands the use of HAR probes for a
wider range of application structures, such as abovementioned the
FinFET transistors, the biological and molecular materials, and the

(c) Pt Deposition
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Fig. 1. The fabrication process of a HAR probe using FIB. (a) Commercial AFM probe; (b) Ion beam etching; (c) Ion beam induced Pt deposition; (d) Ion beam etching

to sharpen the HAR tip.
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Fig. 2. An SEM image of different nanopillars. (a) Different heights of nanopillars with deposition duration increasing, (b) Different diameters of nanopillars with
deposition durations increasing. (c) A 3-level hierarchical nanopillar with repeated deposition, (d) Deposition of nanohelices.

testing of surface tension of microscopic droplets.

However, the growth of the nanopillars cannot increase indefinitely
along with increasing deposition durations. As can be observed from
Fig. 2(a) that with the increase of deposition duration, the growth rate of
the height of the nanopillars slowed down. In order to investigate the
reason for the inability to deposit nanopillars indefinitely, we changed
the starting deposition point several times. As shown in Fig. 2(c), by
depositing a nanopillar first and then depositing another nanopillar
atop, higher nanopillars can be achieved. Fig. 2(c) showed a three-level
hierarchical nanopillar. This indicates that the height of a single depo-
sition is limited while changing the starting deposition point allows for
continuous deposition of nanopillars to increase the height. The reason

for not being able to deposit consistently (Fig. 2(a)) may be limited by
the FIB deposition focusing area. Within the focusing area of the high-
energy Ga ion beam, auxiliary gas containing Pt compounds is adsor-
bed on the substrate, then reacts with the high-energy Ga ion beam to
deposit Pt atoms. With the increasing height of the deposited pillar, the
amount of auxiliary gas adsorbed to the top of the pillar is reduced, and
more auxiliary gas is evacuated by the vacuum pump, thus only part of
the high-energy ion beam was converted to the deposited platinum
atoms, while the other part of the energy acted on the substrate, pro-
ducing sputtered atoms, causing the pillar to be etched and ultimately
slowed down the deposition rate.

Fig. 2(d) shows Pt nanohelices produced by FIB demonstrating the

Fig. 3. The HAR nanopillar was sharpened and polished with a low ion beam current (30 kV, 1pA), resulting in a probe with a diameter of 100 nm and a height of
about 10 um, which is positioned at the top of a tip with a tilting angle of 0° ((a)-(¢)) and 15° ((d)-(f)) respectively.
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capability of the shape control. This indicates that nanopillars with
diverse shapes, such as spirals, can be achieved using FIB deposition.

To improve the scanning resolution of the HAR probes, ion beam
etching was used to sharpen the deposited Pt nanopillar. Fig. 3 presents
two sharpened HAR probes with different tilting angles. Fig. 3(a) illus-
trates the HAR probe with a Pt tip with a height of about 10 um, which
was positioned at the top of a tip angle of 0°. As shown in Fig. 3(b), the
upper diameter part of the tip was sharpened by ion beam etching. The
upper diameter part of the tip can be identified in Fig. 3(c), which was
less than 100 nm and can be used to improve scanning resolution. To
demonstrate the effect of the angle of the HAR probe tip on the true
morphology of the scanned 3-D samples, we fabricated an HAR probe tip
with a height of about 10 ym, deposited at the top of a tip with a tilting
angle of 15°. Fig. 3(d) and Fig. 3(e) present the HAR probe tip with the
tilting angle 15° sharpened nanopillar. The upper diameter part of the
probe tip can be identified in Fig. 3(f), which was less than 120 nm.
These two probes were compared in the performance of scanning in the
following section.

3.1. Application (1): Topography scanning

To verify the superiorit of HAR probes over commercial pyramid-
shaped probes in scanning HAR structures, we performed AFM topog-
raphy measurements on silicon trenches produced by FIB etching.

These trenches are HAR structures with depths ranging from 600 nm
to 2.2 ym and a width of 1.5 pm as shown in Fig. 4(d).

Fig. 4(a)-(c) show schematic diagrams of HAR probes with a 15°
tilting tip, a 0° tilting tip, and a commercial pyramid-shaped tip as well
as topography measurements obtained by these three probes. The 3-D
results plotted in Fig. 4(a)(b) precisely illustrate the true depth of the
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trench at a depth of 2 ym. However, the AFM probe with the pyramid-
shaped tip could not reach the bottom of the deep trench and the ob-
tained topography image could not reflect the depth of the HAR trench.
The depth of the trenches scanned by the AFM probe with the pyramid-
shaped tip was only about 400 nm (Fig. 4(c)), much lower than the true
depth shown by the SEM image (Fig. 4(d)).

Fig. 4(e) summarized the true trench depths measured in the SEM
diagram and measured by the three different AFM probes. The depth of
the trenches measured by the HAR probe tip with 15° tilting angled is
extremely close to the depth obtained by the SEM diagram, while the
depth measured by the pyramid-shaped commercial probe in all five
trenches was about 400 nm, which did not reflect the true depths of the
trenches at all. This work demonstrates that the HAR probe can provide
a more reliable and correct measurement of HAR trenches, and the su-
periority of the HAR probe is presented. Nevertheless, the HAR probe tip
with a tilting angle of 0° still cannot completely reflect the true topog-
raphy of the bottom of the HAR trench (Fig. 4(f)). Fig. 4(a), 4(b), and 4(f)
compared the profiles of the HAR trench measured by HAR probe tip
with a tilting angle of 15° to that of a tilting angle of 0°. It can be
observed that the bottom width measured by the HAR probe tip with a
tilting angle of 0° is narrower than the width measured by the HAR
probe tip with a tilting angle of 15°, which is closer to the true topog-
raphy. The probe tip of tilting angle of 15° can more accurately describe
the bottom morphology of the HAR trench.

3.2. Application (2): Surface tension measurement

The HAR probe can be used not only for obtaining accurate topog-
raphy of HAR structures but also for measuring the surface tension of a
single micro/nanometer-scale liquid droplet[20,43]. Few studies
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Fig. 4. (a)-(c) presents schematic diagrams of an HAR probe tip with a tilting angle of 15°, an HAR probe tip with a tilting angle of 0°, and a commercial pyramid-
shaped probe when scanning an HAR trench, and their respective scanned 3D result graphs. (d) The SEM diagram of the HAR trench. (e) The measured trench depths
by the SEM diagram, by the HAR AFM probes with different tilting angles and by the commercial pyramid-shaped probes. (f) The curve of the depths of the second
HAR trench measured by the HAR probe tips with different tilting angles and the commercial pyramid-shaped probes.
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applied this method, possibly due to the difficulty of fabricating AFM
probes with HAR tips. It is an excellent application to use the HAR probe
to measure the surface tension of a single micro/nanodroplet. The the-
ory of surface tension calculation is based on the force curve of AFM
probe extension into and retraction from the micro/nanodroplet. The
AFM probe need to have an HAR tip of a constant diameter. The surface
tension of the micro/nanodroplet is calculated through the formula (1),

Fg,, = 2mor 1)

where r is the radius of the HAR tip indicated by the SEM image, Fge is
the retention force in the measured force curve, and the surface tension ¢
of the micro/nanodroplets can be calculated. Fg,; is the force measured
when the HAR tip breaks away from the surface of a droplet [20]
(Fig. 5). The radius r of the HAR probe must be constant to obtain the
surface tension of the micro/nanodroplet according to the Formula (1).

Fig. 5 shows the procedures of surface tension measurement. There
are several experimental methods available that can measure the surface
tension of bulk liquid systems, such as the Du Noiiy tensiometer and
Wilhelmy plate technique. The principle of these techniques is to use the
retraction force of a metal ring, a metal disc, or a cylindrical wire that
has been extended into the liquid surface and then retracted out. Fig. 5
(a) illustrates a schematic diagram of a conventional force tensiometer,
the diameter of the tensiometer micro-needle is about 0.5 mm. Never-
theless, this experimental technique cannot provide measurement of
surface tension on micro/nanometer scale droplets, since the size of the
needle tip of a conventional force tensiometer is larger than the micro/
nanometer scale droplets. Therefore, as shown in Fig. 5(b), an HAR AFM
probe with a constant diameter of hundreds of nanometers can be
employed to measure the surface tension of micro/nanodroplets. Fig. 5
(c) illustrates the different stages of surface tension measurement of
micro/nanometer scale droplets using an HAR probe. The force at point
A is that the tip of the HAR probe has not touched a single micro/
nanodroplet, so the micro-cantilever is not bent. At point B, the tip of the
HAR probe just starts to touch a single micro/nanometer scale droplet
and the micro-cantilever is subject to a tiny attraction force. As the
micro-cantilever continues drop down to point C, the tip is attracted by a
greater attraction force, because when the tip contacts with the liquid, a
spontaneously formed meniscus rises on the tip, bending the probe
downward, resulting in the increased attraction force. At point C, we
keep the HAR probe in position for a set dwell time (2 s) to provide
stable measurement. At point D, the probe is quickly withdrawn from
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the droplet and the probe experiences a maximum attraction force when
the tip leaves the liquid interface. In the end, the probe leaves the
droplet and reaches point E. The force exerted on the probe during the
withdrawal from point D to point E is the retention force in Formula (1).

The HAR probe in this experiment was fabricated based on the
commercial probe Multi75A1-G (BudgetSensors) by the ion beam
induced deposition of FIB and had a constant diameter of 322 nm as
shown in Fig. 6(c). There were scattered white dots around the tip in
Fig. 6(c), which were Pt deposited due to reaction of auxiliary gas
containing Pt compounds and high-energy Ga ion beams. The size of the
dots was small, thus they did not influence surface tension measure-
ments. Liquid micro/nanodroplets of inorganic ultrapure water and
organic 1,3-propylene glycol, whose surface tensions are previously
reported in the literature [44,45], are selected for the surface force
measurement using HAR probes. The droplet of around 3 pL was dripped
on a hydrophobic silicon wafer [46] for surface tension testing by the
HAR probe using AFM.

Examples of force plots for water and 1,3- propylene glycol are
shown in Fig. 7. The measured retention force (Fgrey) for pure water is
72.1 nN + 1.8 nN, which is an average of 10 tests, and surface tension is
calculated to be 71.2 mN/m + 1.8 mN/m. Similarly, the measured
retention force for pure 1,3- propylene glycol is 45.4 nN + 0.7 nN,
which is an average of 20 tests, and surface tension is calculated to be
44.8 mN/m =+ 0.7 mN/m. The acquired surface tension is similar to that
reported in the literature, which are 72.0 mN/m for water and 45.8 mN/
m for 1,3- propylene glycol, respectively [44,47]. Based on this estab-
lished method of surface tension measurement for micro/nanodroplets,
further measurements of surface tension of collected atmospheric par-
ticulate matters will be conducted and will be published in the future.

3.3. Robustness of HAR probe

To verify the robustness of the probe for this fabrication method,
experiments relevant to the performance of the probe robust were
conducted. The first experiment was to scan the high aspect ratio trench
using the high aspect ratio probe at different scanning speeds, each
scanning speed was repeated 25 times, and the SEM plots of the probe
before and after scanning are presented below. The second experiment
was to measure the surface tension of 1-propanol by changing the dwell
time between the HAR probe approaching and retracting from the
droplet. One hundred times force curves for each test were acquired.

The probe SEM plots before and after the force curve measurement

(a) l—— (e
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Tensiometer Micro-needle

(b)

—

®~ 300 nm
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Fig. 5. (a) A schematic diagram of a conventional force tensiometer. (b) A schematic diagram of AFM nano-needle. (c) Typical AFM force plot measurement depicts
the series of events that occur during the approach (red) and retract (blue) cycle of the AFM cantilever on the micro/nanodroplet. The retention force (Fgey) is used to

quantify the surface tension.
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Fig. 6. (a)-(c) The HAR nanopillar was controlled by constant diameter, resulting in a probe with a diameter of 322 nm and a height of about 11 pm.
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Fig. 7. Surface tension test results of micro/nanodroplets of two samples, (a) the surface tension test result of pure water, (b) the surface tension test result of 1,3-

propylene glycol.

are presented below. As can be observed from Fig. 8, there is no change
in the probe before and after scanning at different speeds. The height
morphology of the test is plotted and is highly reproducible. As can be
observed from Fig. 9, there is no change in the probe before and after
400 force profiles were acquired setting different dwell times. From the
above two experiments, it can be found that the high aspect ratio probes

(a) (b)

um
1.10

fabricated by this method can satisfy the functions of scanning
morphology and testing surface tension. Besides, it could maintain good
repeatability of the results when changing different parameters. Fig. 8
illustrates that the depth of the scanned topography reaches the actual
depth and topography when scanning HAR trenches. Fig. 9 illustrates
the surface tension of 1-propanol obtained from different dwell time
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Fig. 8. Scanning the high aspect ratio trench using the high aspect ratio probe at different scanning speeds. Figures (a-c) illustrate the scanning speed of 12.5 pm/s,
25 um/s and 50 um/s to scan high aspect ratio trenches, respectively. Figures (d-f) show the height profiles of 25 repetitions of different scanning speeds. Figures (g)
and (h) present the SEM plots of the high aspect ratio probe before and after scanning. There is almost no change in the probe before and after scanning the sample at

different speeds.
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Fig. 9. The surface tension of 1-propanol was measured at different dwell times using our fabricated high aspect ratio probe. Figures (a-d) present the surface tension
of 1-propanol measured for dwell times of 0-3 s, respectively. Figures (e) and (f) present the SEM plots before and after the high aspect ratio probe force curve
measurement. There is almost no change in the HAR probe before and after force curve measurement at different dwell times.

tests calculated from Eq. 1 is 23.2 mN/m =+ 0.4 mN/m, 23.3 mN/m
+ 0.2 mN/m, 23.3 mN/m + 0.2 mN/m, 23.2 mN/m + 0.3 mN/m,
respectively, which are consistent with the theoretical value 23.34 mN/
m [48]. Therefore, it can be concluded that the probe fabricated by this
method was robust.

We have demonstrated a method to fabricate HAR AFM probes for
AFM utilizing the etching and deposition capabilities of FIB. The most
important advantage of this method is that the diameter, the height, and
the tilting angle of the HAR tip can be precisely controlled within a
certain range, which can enable precise measurements for high aspect
ratio structures and accurate measurements for surface tension in micro/
nanometer scale droplets. The fabricated probes are extremely repro-
ducible and can be used in a variety of applications, including me-
chanical properties of atmospheric particulate matters, e.g., viscosity,
which influences the chemical reaction of particles and gaseous species
and further impacts air pollution and climate [49]. Nevertheless, the
minimum diameter achieved by this method is relatively large compared
to the minimum diameter of commercial pyramid-shaped probes. The
limitations of using FIB to fabricate probes include: the suitable mate-
rials are limited to such as Pt and C, and the cost of FIB is relatively high,
and ion beam etching to optimize the diameter is limited by the mini-
mum beam current of 1pA in the instrument. As seen in the video in the
supporting material, when the ion beam continuously optimized the
diameter, the diameter did not reduce all the time but reached a limit
when it became smaller to a certain diameter (about 80 nm). If it
continued to be etched, the optimized part disappeared, and so on. It
may be because the beam spotsize of the minimum processed ion beam
current is around 25 nm [50]. Thus, it is still a challenge to fabricate a
HAR tip with a sub-50 nm diameter.

4. Conclusions

This paper has demonstrated a method to fabricate HAR probes that
can control the diameter, the height, and the tilting angle of HAR probes
within a certain range. A maximum aspect ratio of 40, a maximum
height of 20 ym, a minimum diameter of 100 nm, and a tip of 15° tilting

angle were achieved.

Two types of tests were selected to test the performance of the
fabricated HAR probes. One was to test the accuracy of scanning
topography by HAR probes. Scanning the topography of HAR nano-
trenches, the fabricated HAR probes could acquire the vertical side-
wall topography and depth of HAR trenches well, while commercial
pyramid probes could not reflect the true topography of HAR trenches. It
reflects the superiority of HAR probes in scanning such structures. The
second was to test the force curves of the micro/nanodroplets utilizing
the constant-diameter HAR probe. The surface tension values of micro/
nanodroplets of inorganic pure water and organic 1,3-propylene glycol
micro/nanodroplets were obtained by this method accurately and
efficiently.
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