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Abstract: Fiber-top probes are self-aligned, all optical devices obtained by carving a cantilever
on top of a 125 um diameter single-mode optical fiber. In this paper, we show that this design
can be adapted to smaller fibers as well. We evaluated the performance of a 20 um diameter
probe in contact mode atomic force microscopy (AFM) and that of a 50 um diameter probe in
nano-indentation measurements. AFM images proved to be accurate both in air and water,
although some distortion was observed because of the mechanical bending of the fiber during
scanning. Indentation curves resembled those obtained with larger devices. The maximum

indentation depth, however, is limited by the small dimensions of the cantilever.
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Since its invention in 1986 (Binnig, 1986), the atomic force microscope (AFM) has been
recognized as a valuable tool for nanoscale imaging and material characterization (Jalili &
Laxminarayana, 2004). In 2006, a new kind of AFM probe was proposed that could eliminate
the burden of the optical triangulation alignment, minimizing the effects of thermal drifts,

and reducing the complexity incurred when dealing with samples immersed in liquids: the
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fiber-top cantilever (lannuzzi* et al., 2006 and lannuzzi® et al., 2006). The idea behind this
approach gravitates around the possibility of carving the cleaved end of an optical fiber in
the form of a cantilever, which, by design, is aligned with the core of the fiber. The cantilever
and the end of the fiber together form the two mirrors of a Fabry-Perot (FP) cavity, giving
the user the opportunity to detect the deflection of the cantilever by coupling light into the
proximal end of the fiber and measuring the amount of light reflected back by the cavity.
One of the distinctive features of this kind of probes is their unique form factor —a 125 um
diameter wire. One may then ask whether it is possible to fabricate similar devices on even
smaller fibers. Smaller probes may have applications where there is a need to characterize
an object contained in a volume that is accessible only via a narrow aperture, such as, for
instance, a cell inside a porous material (Discher et al., 2009). To answer this question, we
present here a new set of fiber-top probes fabricated on the tip of an etched fiber. After
introducing the fabrication technique, we show the results obtained in contact mode AFM
imaging and in indentation mode. We demonstrate that the performance of the new probe
is similar to that of larger devices, although some limitations for certain applications may be

difficult to overcome.

Fig. 1 illustrates the procedure followed to fabricate the fiber-top cantilevers used in this work. A
single mode optical fiber is first immersed into an etchant solution (HF:NH4F:H,0=1:7:1), which
etches the cladding of the fiber at a rate of approximately 0.2 um/minute. The etched fiber is then
mounted inside a focused ion beam (FIB) machine. Here, the fiber end is first machined in the form
of a thin ridge (Fig. 1(b)). The base of the bridge is designed to have a 45° slope, in order to avoid
unwanted light reflections. The ridge is then machined in the shape of a cantilever, equipped, at its
free hanging end, with either a flat punch as shown in Fig. 1(c) or with a sharp pyramidal tip as

discussed later in the text. After coating the entire device with a thin layer of metal to make sure that



the bottom of the cantilever is reflective, the fiber is mounted again in the FIB machine to remove
the metal from the core of the fiber underneath the cantilever (fig. 1(d)). A typical cantilever has
dimensions of 15-45 um in length, 5-7 um in width, and 1-2 um in thickness. The distance of the gap
between the fiber end and the cantilever is about 10 um, whereas the length of the anchoring point

is approximately equal to 5 um.

To detect the deflection of the cantilever, the proximal end of the probe is connected to a
commercial readout (OP1550, Optics11). The readout is equipped with a 20 mW tunable laser
whose wavelength can be adjusted in the range between 1528 nm and 1563 nm. Neglecting
multiple reflections, the light intensity reflected back from the fiber-cantilever FP cavity is given by

(lannuzzi® et al., 2006, Rugar et al., 1989):
I(d)=1,+1,+2,/1,1,cos(4rd | \+¢,) (1)

where d is the distance between the fiber end and the cantilever, A is the wavelength of the laser, ¢
is a phase shift that depends on the geometry of the cavity, and ) and I, represent the light
intensities that one would measure if the reflected beam did not interfere. Clearly, measuring /, one

can obtain d.

To demonstrate that this proposed approach works according to design, we first tested one of our
miniaturized fiber-top cantilevers in AFM imaging mode (see Fig. 2). For this purpose, the probe
(cantilever’s dimensions = 15 pum x 5 um x 1 um, stiffness ~ 25 N/m), which was fabricated on a 20
um diameter etched fiber (SMF28, Corning, mode field diameter = 10.4£0.5 pm at 1550 nm) and
equipped with a sharp pyramidal tip, was anchored to a translation stage consisting of a vertical

piezoelectric actuator (AE0203DO04F, Thorlabs Inc.) and a 30 um x 30 um range XY-scanner (ANSxy50,



Attocube AG). The probe was then used to image, in closed loop contact mode, a test sample
consisting of 20 nm high SiO, square plateaus and 1 nm deep square wells on a flat Si wafer (TGQ1,
NT-MDT). To emphasize the possibility of gathering images inside small apertures, the sample was
mounted at the bottom of a 1 mm high chamber accessible from the top via a 100 pm x 100 um
hole. To reduce acoustic and seismic noise, the entire assembly was mounted on an active vibration

isolation stage (Nano-20, Accurion GmbH) housed inside an anechoic box.

At the start of the experiment, the fiber-top probe was first moved through the small aperture of the
chamber containing the sample and lowered to push the tip of the cantilever on the sample. The
interference signal was used as an input for the feedback loop to keep the bending of the cantilever
constant throughout the measurement. The voltage applied to the vertical actuator maintained this
position while the raster data acquired over the sample were converted into an image, as in standard

closed loop contact mode AFMs.

Fig. 3 shows 10 um x 10 um images (256 x 256 pixels) of the sample obtained with the method
described above at a scanning speed of 500 nm/s, both in air (a, b) and water (c), along with an
image of the grating obtained in air using a commercial AFM in contact mode (NT-MDT) (d). Clearly,
both in air and in water, our measured images show the main features of the sample (the 20 nm high
squares); the noise level is however too high to neatly distinguish the 1 nm deep wells. In terms of
absolute values, in fact, the RMS noise level, measured on a flat part of the sample, is equal to 0.8
nm in air and 2.1 nm in water. This is comparable with previous results reported in fiber-top AFM
imaging (lannuzzi® et. al., 2006). One can further notice that the images obtained with our
miniaturized probe are affected by a certain degree of distortion. This distortion is most likely due to

bending of the thin body of the fiber during scanning, as one can confirm by comparing the trace



and re-trace images (Fig. 3(b)). To exclude that the distortion be due to torque induced motions of
the cantilever, we have further collected images with different fast-scanning directions, which,
indeed, did not result in the changes of the distortion pattern that one would expect in the presence
of torques. The problem, which certainly limits the overall lateral resolution of the probe, could be
partially solved by using a softer cantilever or by imaging in tapping-mode. Because the resonant
frequency of the cantilever is about 2 MHz, however, tapping mode is not possible with our current

setup.

In contact mode AFM imaging, the deflection of the cantilever does not change during the
measurement. This is not the case in indentation mode, where the cantilever often needs to deflect
over several hundreds of nm before one can calculate the Young modulus of the indented sample.
When the cantilever bends, the amount of light reflected back by the cantilever into the fiber
changes, giving rise to a change in the visibility of the interference fringes. For small deflection angles
(like with standard fiber-top cantilevers), this problem is negligible. However, for miniaturized
cantilevers, the decrease of the interference contrast can compromise the measurement. To
minimize this problem, we decided to modify our design following the guidelines reported here
below:

(1) We decided to fabricate the device out of a high numerical aperture (NA) fiber (UHNA3 Thorlabs).
The mode-field diameter of the high NA fiber is 4.0+0.3 um at a wavelength of 1550 nm.

(2) We increased the diameter of the fiber from 20 um to 50 um, and, hence, the length of the
cantilever from 15 um to 45 um (while keeping the other dimensions similar to the previous probe,
i.e., width = 5-7 um and thickness = 1-2 um), which corresponds to a decrease of the bending angle

for a certain cantilever deflection. The stiffness of the new cantilever can range from 1 to 15 N/m.



(3) We fabricated the cantilever with a 3° initial angle with respect to the fiber facet, which allowed

us to double the available deflection range (from -3° to +3°).

To demonstrate that our new miniaturized device can now properly function in indentation mode,
we equipped it with a flat punch (see Fig. 1). Considering the similarity of refractive index between
glass and water, we coated the fiber end surface with a semitransparent gold layer (15 nm thick) to
increase the contrast between the interference fringes. We then attached it onto a piezoelectric
actuator, which was mounted, as illustrated in Fig. 4. We first positioned the cantilever in close
proximity with a test sample — a small block of PDMS, anchored to a glass slide. To minimize
adhesion forces the measurements were carried out in a droplet of water. Driving the piezoelectric
actuator with a 2 Hz periodic triangular signal, we were able to repeatedly bring the tip of the
cantilever in and out of contact with the sample. Measuring the deflection of the cantilever during
the indentation stroke, it was possible to assess the Young modulus of the indented material, as with

standard AFMs.

Before analyzing the results, it is important to emphasize that, because the readout scheme is based
on interferometry, the output of the readout unit does not scale linearly with d, as clearly indicated
in Eg. (1). To solve this problem, one can add a fast oscillating sinusoidal signal (3 kHz, in our case) on
top of the slow triangular voltage used to drive the piezoelectric actuator, and send the readout
output to a lock-in amplifier locked at the oscillating frequency. The data acquisition process follows
a method similar to the one described in the literature (see, for example, van Hoorn et al., 2016, and
references therein). The output of the readout, which will be hereafter called Spc, follows Eg. (1). On
the contrary, the signal at the exit of the lock-in amplifier, which will be hereafter called S;, provides

the first derivative of Spc. In other words, Spc and Sy, are proportional to the sine and the cosine of the



same angle. Hence, as the indentation stroke progresses, plotting S, as a function of Spc, one obtains
an elliptical pattern, which can be converted to a unitary circle after a simple axis renormalization. At
every specific moment of the indentation, the deflection of the cantilever can be inferred by looking
at the angle between the x-axis of the normalized reference frame and the line that goes from the
center of the normalized reference frame to the point on the circle that the two signals generate in
that specific moment. In other words, the cantilever displacement can then be obtained from phase

of the unitary circle (see, for example, van Hoorn et al., 2016, and references therein).

Fig. 5 shows the results obtained. Fig. 5(a) and 5(b) show the two signals Spc and S, respectively. Fig.
5(c) shows the unitary circle obtained from the previous two graphs. It is to note that the circle does
not close on itself perfectly. This phenomenon can be ascribed to the fact that the coupling loss due
to bending of the cantilever (Eq. (2)) was still not fully suppressed. Yet, as illustrated in Fig. 5(d), the
signals are sufficiently accurate to provide a clear indentation curve. Note that, to go from Fig. 5(c) to
Fig. 5(d), we first had to calibrate the probe to infer the relation between the interferometric readout
signal at the position of the core of the fiber and the vertical movement at end of the cantilever. For
this reason, before measuring on the PDMS sample, we indented a rigid sample, for which one can

assume that the indentation depth is zero throughout the entire indentation stroke.

The measured displacement of the cantilever, compared with the movement of the piezoelectric
actuator, allows us to calculate the indentation depth and, thus, derive the load-indentation curve,
which is reported in Fig. 6. The Young modulus of the sample can be then derived by means of the

Oliver and Pharr method (Oliver & Pharr, 1992):

(@P/dh),, =2z "> E A" (2)

max



where (dP/dh).xis the maximum slope of the pull-out curve, A is the contact area of the flat punch
of the tip, and E is the Young modulus of the sample. Assuming that the spring constant of the
cantilever is equal to 13 N/m (as calculated from the geometrical dimensions), using Oliver and Phar
method we obtained a Young modulus of 2.8 + 0.1 MPa. This number is in agreement with the value
obtained with an independent measurement performed with a commercial ferrule-top instrument
(Piuma, Optics11 B.V.).

In conclusion, we have demonstrated that it is possible to fabricate fiber-top cantilevers on etched
fibers. These probes provide AFM contact mode images and indentation curves similar to those
observed with larger devices. However, miniaturization of the fiber-top technique comes with some
limitations, including possible image distortions in contact mode AFM imaging, inadequate
mechanical properties of the probe for tapping and non-contact mode AFM imaging, restricted
indentation range during AFM testing of the mechanical properties of a sample, limited possibilities
to further decrease the spring constant for indentation of ultrasoft samples, and high cost of

manufacturing.
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Captions:

Fig. 1. lllustration of the most relevant steps of the fabrication process: (a) a fiber is first etched in HF solution
to reduce its diameter; (b) the end face of the fiber is then machined, via focused ion beam (FIB) milling, in the
form of a ridge; (c) the ridge is then carved in the shape of a cantilever, equipped with a tip on its free hanging

end; (d) a scanning electron micrograph (SEM) of the final cantilever.

Fig. 2. Schematic view of the experimental setup for the AFM imaging (not to scale). The probe was equipped with a
sharp pyramidal tip, anchored to a translation stage consisting of a vertical piezoelectric actuator and an XY-scanner.

Inset: scanning electron microscopy image of the tip of the cantilever. Scale bar: 2 um.

Fig. 3. AFM images of the TGQ1 test grating (10 x 10 um, 256 x 256 pixels.). (a) AFM image in air scanned from left to
right; (b) overlay of scans from left to right and from right to left; (c) AFM image taken in water; (d) independent

measurement in air, using a commercial AFM (NT-MDT). Line profiles show cross-sections at the position of the line.

Fig. 4. Schematic view of the experimental setup for indentation measurements. The fiber was attached onto a
piezoelectric actuator, which was mounted, on an inverted microscope. The piezoelectric actuator was driven by a 2 Hz
periodic triangular signal from a wave generator, as well as a fast oscillation from a lock-in amplifier. We measured both

the output of the readout (Spc) and the signal at the exit of the lock-in (S;).

Fig. 5. Measurement results of the indentation experiment in water. The output of the readout (Sy¢), the signal
at the exit of the lock-in amplifier (S;), the unitary circle obtained from Sy and S;, and the extracted

displacement from the phase of the unitary circle are shown from (a) to (d) respectively.



Fig. 6. Load-indentation curve extracted from the data reported in Fig. 5. The Young modulus of the sample can be

derived from the pull out curve by means of the Oliver and Pharr method (Oliver & Pharr, 1992).
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