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Design and Realization of 3D Printed AFM Probes

Nourin Alsharif, Anna Burkatovsky, Charles Lissandrello, Keith M. Jones, Alice E. White,

and Keith A. Brown*

Atomic force microscope (AFM) probes and AFM imaging by extension

are the product of exceptionally refined silicon micromachining, but are

also restricted by the limitations of these fabrication techniques. Here, the
nanoscale additive manufacturing technique direct laser writing is explored
as a method to print monolithic cantilevered probes for AFM. Not only are
3D printed probes found to function effectively for AFM, but they also confer
several advantages, most notably the ability to image in intermittent contact
mode with a bandwidth approximately ten times larger than analogous silicon

suspended probes that enable AFM.!!
However, the structures that can be real-
ized using this approach are intrinsically
limited both in the materials available
and the complexity of the resultant struc-
tures, especially in the third dimension. In
contrast with this layer-by-layer approach,
additive manufacturing is a different para-
digm of machining wherein material is
selectively added to define fully 3D struc-

probes. In addition, the arbitrary structural control afforded by 3D printing is
found to enable programming the modal structure of the probe, a capability
that can be useful in the context of resonantly amplifying nonlinear tip—
sample interactions. Collectively, these results show that 3D printed probes
complement those produced using conventional silicon micromachining and

open the door to new imaging techniques.

Advances in silicon micromachining have fueled decades of
advances in microelectromechanical systems (MEMS) that have
impacted nearly every area of science and technology.!! One
example that is particularly relevant to nanoscience, atomic
force microscopy (AFM) comprises a suite of techniques for
interrogating and patterning nanoscale materials and is based
upon the use of microscopic cantilevers that are machined
using techniques drawn from conventional silicon microma-
chining.”) The fabrication of AFM probes is an especially
illustrative example of the opportunities and limitations of con-
ventional micromachining in that it traditionally consists of a
series of lithographic steps that define 2D patterns followed by
processing steps that add or remove material using the 2D pat-
tern as a mask. Through cleverly designing these procedures,
limited 3D designs can be realized, namely the sharp-tipped
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tures with significantly more freedom.™
Of the myriad additive manufacturing
approaches that have been explored,
direct laser writing (DLW) lithography
using two photon polymerization is of
particular interest as it allows one to write
3D structures in a single process with
resolution that, in some cases, surpasses
the single photon diffraction limit.’] As
such, this approach has been useful for
studying diverse phenomena from mechanics to biomedicine.[%l
Recently, DLW lithography was applied as a method for post-
processing conventional silicon AFM probes to tailor their reso-
nant properties.l”) However, the question remains as to whether
DLW lithography can itself be used to construct entire AFM
probes and whether such probes would confer any advantages.
Here, we explore how 3D printing can transform AFM by
realizing new and unique probe designs (Figure 1). To begin,
we explore a general process for printing monolithic probes
with DLW lithography and mounting them in an AFM, thus
overcoming the challenge of bridging the microscopic length
scales that can be addressed by DLW lithography and the much
larger length scales that need to be controlled in order to handle
probe chips macroscopically. Following this, we characterize the
3D printed probes using a commercial AFM system and find
that cantilever structures provide a useful way of exploring how
material properties are affected by printing conditions. Impor-
tantly, not only were these probes capable of imaging topograph-
ical features in both contact mode and intermittent contact
mode, but the low quality factor of polymer probes drastically
increased the bandwidth of these probes relative to their silicon
counterparts and enabled high speed scanning. Having shown
that simple 3D printed probes can be used for AFM, we sought
to make inroads into the vast landscape of structures that can
be realized with 3D printing to learn what new imaging capa-
bilities can be garnered by the design, fabrication, and testing
of more complex geometries. In particular, we explored biseg-
mented probes that allowed us to independently tune the first
and second vibrational resonance frequencies. Taken together,
these results show that 3D printed polymer probes can be used

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

for AFM and that the arbitrary structural control afforded by
3D printing provides new possibilities for AFM imaging. More
generally, this work provides an example of how additive manu-
facturing can augment conventional silicon micromachining to
enable new scientific and technological opportunities.

In order to study the potential for 3D printed components to
perform as AFM probes, it is necessary to bridge a major gap in
length scales. Specifically, the probe of an AFM is a microscopic
object composed of a 100 um scale cantilever and a conical
tip that comes to a nanoscopic point. The sharp tip interacts
with the sample enabling nanoscale imaging while the canti-
lever acts as a mechanical spring and serves as a reflector for a
laser spot. While this cantilevered probe is responsible for both
interacting with the sample and reporting the observed force,
it comprises a miniscule fraction of the total mass of the mil-
limeter-scale chip to which the probe is typically attached. The
macroscopic size of the chip enables one to readily manipulate
it using tweezers and position it inside an AFM. In the case of
AFM probes made using conventional silicon micromachining,
both the probe and chip are machined out of the same
wafer. However, this monolithic approach is not suitable for
3D printing; the large mismatch in size scale between the
probe and the chip poses a problem for DLW, which has the
resolution to fabricate complex cantilever geometries but lacks
the throughput to effectively fabricate the macroscopic chip.

As a means of minimizing the material to be printed while
ensuring compatibility with commercial AFM systems, we
developed a transfer-based method for constructing 3D printed
AFM probes. In a typical experiment, an array of probes with
corresponding supporting blocks were designed and printed out
of a photosensitive polymer (IP-dip—Nanoscribe GmbH) using
a dip-in lithography mode (Figure 1). This process was carried
out using a commercial DLW system (Nanoscribe Photonic Pro-
fessional GT). The focal spot of a 780 nm laser is raster scanned
through a liquid droplet of uncrosslinked polymer by high
speed galvo scanners (>40 mm s71), crosslinking a desired struc-
ture through two photon absorption. After DLW, the remaining
uncrosslinked polymer is rinsed away. The minimum feature
size in the plane perpendicular to the beam is 200 nm when
using a 25x objective and 100 nm when using a 63x objective.

Surface roughness is a key characteristic of AFM probes as it
can limit specular reflection and thus hinder the sensitivity of the
optical lever used for AFM feedback. Here, printing parameters
such as slicing (distance between subsequent layers printed) and
hatching (distance between scan lines on the layers parallel to the

polymer
meniscus

l\ X
crosslinked
structure
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substrate) were optimized with respect to the voxel geometry to
maximum overlap and minimize surface roughness (Figure 2a
and Figure Slab, Supporting Information). For example, when
printing with a 25x objective (voxel width 500 nm and height
6-7 um), we were only able to obtain workable probes with slicing
and hatching values of 200 nm. We quantified the roughness
using tapping mode AFM and found the printed polymers to have
a 5.6 nm root mean squared roughness, consistent with literature
reports.®l In addition, both the supporting block and probes were
printed pointing out of the substrate plane (Figure Slc, Sup-
porting Information), which alleviates undesirable complications
of DLW of cantilevered structures such as stiction.

The supporting blocks were small enough to enable rapid
printing (<10 min print time for a block supporting three
probes, printed with low resolution) but large enough to manu-
ally manipulate after printing. The blocks were typically 500 um
wide, 200 um thick, and =300 um high, while the printed
probes have dimensions commensurate with typical AFM
probes. With regard to the placement of multiple probes on the
support block, it is important that each probe be separated from
its neighboring probe by a distance of more than three times
the probe width as simulation (COMSOL Multiphysics) predicts
that the principle vibrational modes of the probes will otherwise
become coupled through the supporting block (Figure Slc,d,
Supporting Information). Once printed, the supporting block
was detached from the printing substrate (typically a silicon
chip) with tweezers and manually adhered to a probe-less AFM
chip using an acrylate epoxy.

As a final processing step, the nearly transparent polymer
probes were rendered reflective by coating both their front and
back sides with 28 nm of aluminum using an electron beam
evaporator (EVOVAC—Angstrom). Aluminum was chosen as
a reflective coating due to its low melting temperature and low
density compared to other metals. The 28 nm coating thickness
was selected as a compromise between reflectivity and probe
mechanics. Thicker coatings (>50 nm) can improve optical
lever performance but often cause irreversible bending in
the probe during deposition due to the mismatch in the coef-
ficients of thermal expansion. The mechanical properties of
aluminum are strongly influenced by a thin oxide that forms
in atmospheric conditions, the presence of which must be
included when considering the mechanics of aluminum films.
It is important to emphasize that, after this step is complete,
the final structure is compatible with commercial AFM systems
(seen in Figure 1d with an Oxford Instruments MFP-3D AFM).

Figure 1. a) Design of three probes attached to a support block. b) Schematic of the 3D printing system showing a partially printed structure within a
meniscus of uncrosslinked polymer. The inset at the focal plane of the laser shows the high aspect ratio voxel with height h,,, and width w,,,. c) Scan-
ning electron microscope (SEM) image showing a variety of 3D printed probes written during one session. Scale bar is 200 pum. d) Optical microscope
image of three aluminum coated probes adhered to an AFM chip, a white box outlines both the supporting block and the probes. Scale bar is T mm.
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Figure 2. a) SEM image showing the intersection of a 3D printed probe and support block. To improve optical lever performance, the probe was printed
with 200 nm resolution while the support block was printed with 1.5 m resolution. Scale bar is 15 um. b) Atomic force microscope (AFM) measured
deflection d of a printed probe in contact with a stiff substrate versus its vertical position z, the positively sloped portion provides a calibration of optical
lever sensitivity. ¢) AFM measured power spectral density (PSD) versus frequency f of a printed probe in the region of its first vibrational resonance,
with Lorentzian fit (principle harmonic resonance frequency f, = 167 kHz, quality factor Q@ = 29.1). d) Map of delivered dose D versus writing power p
and scan speed v, with specified contours of constant D. Points indicate specific combinations shown in (e) and (f). e) Calculated elastic modulus E,
of printed probes versus D. f) Density of polymer p, versus D. Solid lines in (e) and (f) represent fits as described in the text.

Having printed and mounted probes, we sought to explore
the ability of these probes to operate in an AFM system. As
with all AFM probes, it is necessary to characterize the proper-
ties of the probe before performing imaging experiments. Spe-
cifically, probes can be parametrized by either their geometric
parameters and material properties such as elastic modulus
E and density p or as a lumped element spring-mass-dashpot
system that is defined by a spring constant k, resonant fre-
quency f,, and quality factor Q. In a typical AFM context, users
are generally only concerned with the latter parametrization as
these parameters can be easily extracted using standard AFM
procedures. Thus, we began characterizing 3D printed probes
by studying their lumped element parameters using standard
AFM techniques. In brief, a probe of interest was mounted in
an AFM system, aligned for optical readout, and carefully low-
ered until it made contact with a rigid surface. This process
allows one to compute the optical lever sensitivity, which repre-
sents a conversion between the voltage registered by the photo-
diode in the optical lever system and the deflection of the probe
(Figure 2b). After the probe was raised out of contact from the
surface, the thermal motion of the probe was observed to gen-
erate a power spectrum of motion which can be directly fit to
extract both the resonance frequency of the principle harmonic f,
and corresponding quality factor Q (Figure 2c). Additionally, the
area under the peak is used to compute the spring constant k by
leveraging equipartition.”] In experiments that were used to eval-
uate the properties of the probes, the probes were cantilevered
beams printed without tips. For a typical experiment on a probe
that is designed to be 170 um long, 35 um wide, and 10 um
thick, printed with slicing and hatching distances of 200 nm,
scan speed v of 80 mm s7!, and laser power p of 45%, we found
k=9.111023 Nm™, Q=289+0.5, andfp =124.23 £ 0.91 kHz.
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In order to derive useful polymer mechanical properties from
these measurements, sandwich structure mechanics!'% was
used to determine relationships to connect the bulk material
properties to the lumped element values. Specifically, we found

12| kP Eftd Eeta (2t +1t)
Tl I (1)
t” | 3w 6 2
and
-2

1|( Bty Et  Eeta(2tn +t) ), (27 f,0

== 24 —2pitu | (2
Pr t[(G 12 2 n pitu | (2)

where E), is the polymer modulus, ¢ is the thickness of the poly-
meric section of the cantilever, L is the length of the probe, w
is the width of the probe, Eis the modulus of the aluminum
film (including a 3 £ 0.25 nm aluminum oxide layer that forms
upon exposure to air),l'!l £, is the thickness of the aluminum
films, pj, is the polymer density, n is the integration constant for
the principal mode (n = 1.87),2 and p is the density of the alu-
minum film (again, considering the oxide layer). Such analysis
allows the computation of polymer properties as a function of
the two-photon optical dosage D calculated as

3)

where P is the measured average laser power, p is the fractional
power setting at 1.0 power scaling, [ is the length of the path
along which the laser is moved when writing each probe (taking
into account the slicing and hatching), and v is the scan speed
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of the laser spot.’] Due to the specialized printing process
(high level of overlap), the power settings used were unconven-
tional, and so a map of D versus writing parameters v and p is
plotted to identify the specific combinations that were studied
(Figure 2d). At D <7 W2 ms, there was insufficient crosslinking
resulting in an unusably soft probe. When D > 30 W? ms, gas
bubbles were observed to nucleate during the printing process,
and due to the difference in refractive index between the voids
and the resin, resultant probes were highly distorted.[¥

Studying the mechanics of probes produced by DLW
lithography allowed us to explore the two-photon dosage-
dependent properties of photoresist in a manner that may
impact researchers beyond those interested in implementing
3D printed MEMS devices. Caution is warranted, however, in
assigning material properties based upon design dimensions
as the geometry of the final structure was found to change
slightly in a D-dependent manner because the volume of the
voxel increases with increasing D." To account for this, the
geometric parameters were adjusted to reflect the true size
of the probe (Figure S2, Supporting Information) as meas-
ured by scanning electron microscopy (SEM). With these true
geometric parameters in hand, we determined the relation-
ship between D and material properties, showing that both E,
and p, were strongly influenced by D and not by either p or
v alone (Figure 2e,f). E, was observed to fall within the range
of reported values for IP-dipl'® and stiffen with increased D
(Figure 2e), as has previously been explained by an increase
in crosslink density with increasing D.'”! In order to evaluate
this trend, E, was fit using the expression Ep = E, [1 — (Dg/D)?],
with Dg = 5.16 + 0.50 W? ms and E, = 3.07 + 0.12 GPa found
using nonlinear least squares fitting. While p, also fell within
the expected range,'! we found that it increased slightly
with increasing D (Figure 2f). This trend is well represented
by pp = po[l — (D,/D)] with D, = 3.23 + 0.84 W2 ms and
po = 1.01 £ .04 g cm™3. This observation suggests that probes
printed using D < 10 W2 ms are not fully crosslinked, possibly
allowing some uncrosslinked polymer to escape during the
postprinting rinse. A potential concern when employing poly-
mers is that they may absorb moisture or degrade over time. In
order to explore whether these phenomena are playing a role
in our 3D printed probes, AFM measurements on polymeric
probes were repeated 70 d after initial fabrication. Importantly,
we found that f, changed by less than 0.5% and k was consistent
within 2%, signifying that stability in atmospheric conditions is
not a major concern for these probes.

www.small-journal.com

Having shown that 3D printed AFM probes can attain lumped
element properties commensurate with those of conventional
AFM probes, we sought to explore whether they could effectively
image surface topography. Initially, we studied the ability of 3D
printed probes to image in contact mode as this is a conceptu-
ally simpler process than intermittent or noncontact modes. In a
typical contact-mode imaging experiment, a probe was mounted
in the AFM system and calibrated. Here, a probe with k= 10.3 N
m™" and f, = 122.5 kHz was used. In order to obtain the highest
possible resolution images, a conical tip was 3D printed at the
end of the cantilever with a 63x magnification objective. In this
case, the probe was found by SEM to have a terminal tip radius
of 200 nm (Figure 3a). While this sharpness is below what is
commonly used for high resolution imaging, it is on par with
probes used for nanomechanical characterization!'”) or studying
soft materials.? Further, it is important to note that methods
exist for sharpening polymer cones including pyrolysis.”?!l
However, for the purposes of validating that 3D printed probes
can image, small tip radii are not necessary as vertical resolution
is invariant of probe radius for surface structures larger than the
tip radius. Initially, topographic images were generated of a cali-
bration grid sample (Figure 3b) showing that true determination
of surface topography is possible with 3D printed probes. Here,
imaging was performed at 31.2 um s™! with a deflection set point
of 0.8 V. In addition, prolonged imaging (more than eight hours)
was observed with little change in image quality (Figure 3c).
Importantly, imaging fidelity was verified through comparison
with SEM and images of the same substrate generated using a
conventional silicon probe (Figure S3, Supporting Information).

Contact mode imaging, despite being simple, is less common
than other more complex modes. In fact, the low Q exhibited by
polymeric probes potentially signifies that their bandwidth in
intermittent-contact amplitude modulation (AM) AFM imaging
can proceed nearly an order of magnitude faster than with con-
ventional silicon probes.?? Specifically, the bandwidth in an
AM-AFM measurement, or the rate at which information can
be extracted from the surface, is given by f,/Q. Simply put, the
higher the Q of a given resonator, the longer the energy from a
given interaction persists. A major effort inside the AFM com-
munity has been focusing on speeding up the imaging pro-
cess!?l and reducing Q has been identified as a promising route
to accomplishing this.?Yl In order to explore the potential of
3D printed AFM probes to be useful for high speed imaging,
we printed and mounted a probe selected to have f, and k com-
mensurate with a conventional AM-AFM probe. Importantly,

= First Scan == After 8 Hours
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Figure 3. a) SEM of a 3D printed AFM probe. Scale bar is 25 um. b) AFM height h map of a 40 nm tall calibration sample with taken with a 3D printed
probe in contact mode, scan size is 50 um. c) Profile of h versus positon y showing the first scan and a scan taken after 8 h of continuous imaging.
d) Ultrafast AFM phase map of calibration grating taken with a 3D printed probe in intermittent contact mode scanning at 26 Hz, scan size is 30 pm.
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Figure 4. a) SEM of bisegmented 3D printed AFM probes where each segment has a defined thickness ¢, width w, and length L. Scale bar is 30 um.
b) Map of stiffness k versus segment thicknesses t; and t, computed using Equation (4). Contours of constant k are shown with points indicating
the structures that were studied. c) AFM measured thermal PSD versus f for different segment ratio probes. Arrows indicating the second vibrational
resonance. Spectra are vertically shifted for clarity. Dark lines denoting a running average are overlaid on lighter lines that represent the unprocessed
data. d) Ratio between the second and principal vibrational resonance frequency f,/f, versus segment ratio t,/t;. Despite varying in k over a factor of
40, all data collapse onto one curve which agrees with finite element analysis shown as a gray line. Uncertainty in AFM measurements is smaller than

the data points.

the 3D printed probe exhibited Q = 21, which is a factor of
ten smaller than conventional probes with similar geometries.
Once printed, assembled, and characterized, we mounted the
3D printed probe in a high speed AFM [Oxford Instruments—
Cypher S] and imaged a test sample at high speed (Figure 3d).
Not only could the probe readily generate an image at this
high speed, but the image quality exhibited no degradation
throughout 200 repeated scans at 26 Hz. In these experiments,
scan speed was 1.56 mm s7! for a 30 x 30 um? image.

In addition to the first harmonic mode which is most com-
monly used for AM-AFM, the higher harmonics of probes are
widely used for other imaging modalities.*” In order to explore
the ability of 3D printing to enable access to higher order har-
monics, we performed a series of coupled experiments and
finite element simulations studying the harmonic modes of
bisegmented probes. Specifically, we studied rectangular probes
wherein the probe was divided in half with the half attached
to the support having a thickness t, and the free half having a
thickness t; (Figure 4a). For ease of analysis, the lengths of each
segment were kept the same L; = L, and the widths of each
segment were set to be double their thickness, and groups of
probes with similar k values were determined using the relation

kzﬁ(ﬂ_,_EJi (4)

r\g

Figure 4b shows a map of predicted k, with iso-stiffness lines
at a range of relevant k has been drawn with points indicating
the combinations that were experimentally explored.

Initially, we performed finite element simulations of these
probes using COMSOL Multiphysics. In particular, we found that
while the magnitude of f; and f, were determined by both ¢, and
t), the ratio f,/f; is exclusively dependent on t,/t; (Figure 4d) and
that the change in geometry was able to push f,/f; well above and
below the characteristic ratio for a single segmented cantilever.
The relationship between the third and first harmonic indicates a
similar t,/t;-dependent trend (Figure S4, Supporting Information).
In order to test these predictions experimentally, we 3D printed a
series of bisegmented probes and measured the location of their
first and second resonances using a commercial AFM (Figure 4c).
The first two peaks can be found robustly using active tuning
and, depending on k, by examining the thermal power spectrum.
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Importantly, good agreement is found between the simulated
ratio and the experimentally determined ratio (Figure 4d). This
is an important result for two reasons, (1) the good agreement
between experiment and theory means that more complex non-
rectilinear probes can be explored in simulation prior to printing
and (2) the fact that f)/f; can be tuned to exactly 3 (at t,/t; = 3.27)
indicates that resonantly enhancing nonlinear tip-sample interac-
tions could be possible, opening new possibilities for imaging.

In summary, we have explored whether 3D printed struc-
tures can function as AFM probes and found that not only can
3D printed probes be used for imaging, but that they intro-
duce novel capabilities that have the potential to advance the
field of AFM. Specifically, the low Q of polymer probes allows
them to scan with an order of magnitude higher bandwidth
than conventional probes. In addition to this benefit, being
able to print probes in an entirely on-demand fashion could
accelerate the pace of AFM research. Further, the freedom to
design entirely new types of probes could allow researchers to
pursue new types of tip—sample interactions such as program-
mably nonlinear force distance curves that allow soft samples
to be robustly imaged?®! or tailoring the mass of the probe to
facilitate inertial sensing.?’! Finally, the implications of this
work extend beyond AFM as these studies allowed us to explore
processing-dependent material properties of polymer written by
DLW. Combining the implications for AFM probe design and
insights into printed materials, this work provides a compelling
example of how additive manufacturing techniques could aug-
ment state-of-the-art conventional micromachining.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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