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realized as a sharp tip with nanometer-
size apex attached to a micrometer-scale 
cantilever. In current SPM systems, tip 
and cantilever are usually structured in a 
dedicated microfabrication process before 
being manually mounted and aligned to 
a macroscopic optomechanical system for 
piezoelectric actuation and optical detection 
of sub-nanometer movements. This con-
cept leads to rather bulky implementations 
and requires laborious operation, given 
that the tip is a wear part that has to be 
regularly exchanged and re-aligned to the 
read-out system. In addition, tip-cantilever 
geo metries are currently restricted by the 
underlying fabrication techniques, relying 
on 2D lithographic patterning and sub-
sequent anisotropic etching. These tech-
niques usually result in pyramidal tips with 
rather low aspect ratios, and the dimen-
sions of the cantilever are often subject 
to fabrication tolerances that lead to vari-
ations of the resonance frequency of 30% 

or more.[10] Moreover, current SPM systems are often limited in 
scanning speed, which inhibits high-throughput characterization 
of large sample areas. This may be overcome by arrays of SPM 
cantilevers for parallel scanning,[11,12] but the scalability and inte-
gration density of current SPM schemes is limited by the fact that 
each cantilever must still be individually addressed by a dedicated 
actuator and sensor element of macroscopic dimension. Chip-
level integration of individually addressable cantilevers has been 
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nanofabrication technique. The resulting SPM engines are operated by optical 
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range from atomic-force microscopy engines offering atomic step height 
resolution, their operation in fluids, and to 3D printed scanning near-field 
optical microscopy. The presented approach is amenable to wafer-scale 
mass fabrication of SPM arrays and capable to unlock a wide range of novel 
applications that are inaccessible by current approaches to build SPMs.
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1. Introduction

Scanning probe microscopy (SPM)[1] is a widely used tool to 
analyze and manipulate objects on the nanometer scale, ena-
bling, e.g., surface characterization[2,3] and nanofabrication[4] 
with atomic resolution, high-density data storage,[5,6] or imaging 
of biological processes.[7–9] At its heart, SPM relies on interac-
tions of a sample surface with a mechanical probe, commonly 
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demonstrated in the context of nanomechanical data storage, also 
known as “millipede memory.”[5,6] These experiments resulted in 
an impressive number of more than 4000 cantilevers realized on 
a single substrate, but the functionality of each individual can-
tilever was restricted to creating and detecting indentations in 
polymer surfaces, corresponding to single-bit writing or reading, 
rather than allowing for characterization of general topographies. 
In many applications, it is   desirable to complement SPM by 
additional imaging modes. One of the most prominent examples 
is scanning near-field optical microscopy (SNOM),[13,14] which is 
used to measure optical properties with sub-wavelength resolu-
tion, e.g., in life sciences[15,16] and material research,[17–19] or for 
characterization of integrated optical devices.[20,21] SNOM cru-
cially relies on coupling of light to and from a metal nanoscale 
probe tip and hence requires additional macroscopic optical 
elements such as microscope objectives or mirrors that need to 
be precisely aligned. Alternatively, the probe can be realized as 
metal-coated tip of a tapered optical fiber with a nanoscale aper-
ture at the apex. This concept allows to use the fiber to couple 
light to and from the probe tip, but relies on elaborate fabrication 
processes which often involve manual pulling or etching of the 
fiber tip, followed by delicate coating processes.[22]

Here, we demonstrate that direct-write 3D laser lithography 
opens new perspectives for fabrication of particularly compact 
and robust SPM systems that overcome most of the afore-
mentioned limitations. Our approach relies on multiphoton 
polymerization and allows fabricating monolithic 3D freeform 
structures that combine cantilevers and tips with additional 
elements to fully functional SPM engines which are optically 
actuated and probed. The SPM engines including tips are in 
situ printed with high precision in a single process directly 
on facets of optical devices, thus rendering further alignment 
obsolete. The concept offers vast geometrical design freedom 
along with highly reproducible fabrication and lends itself to 
3D-printing of large-scale SPM arrays with individual actuator 
and sensor elements. Moreover, additional imaging modes 
such as SNOM may be implemented by monolithic co-integra-
tion of the SPM engines with printed micro-optical freeform 
components such as lenses and mirrors. We demonstrate the 
viability of our approach by fabricating SPM engines directly 
on the facets of optical fiber arrays, which deliver and collect 
light for remote actuation and probing. These SPM engines 
offer atomic step-height resolution and are suited for opera-
tion both in air and in liquids. We further expand the con-
cept to monolithically integrated SNOM engines, and which 
enable imaging of optical nanostructures with sub-wavelength 
resolution. To demonstrate that our approach is also suited for 
wafer-scale mass fabrication, we print more than 60 nominally 
identical devices and confirm their reproducibility. We believe 
that our experiments pave the route toward additive 3D nano-
fabrication of a wide variety of highly integrated SPM systems.

2. Concept of 3D-Printed SPM Engines,  
their Fabrication and Characterization

The concept of a 3D-nanoprinted SPM engine is illustrated in 
Figure 1. The structure is fabricated on the facet of a single-mode 
fiber (SMF) array through which light is guided to and collected 

from the device. A cut-open 3D-model of the printed structure 
is shown in Figure 1a along with the various light paths (red). 
For actuation of the depicted structure, light is supplied through 
SMF1 and redirected by two total-internal reflection (TIR) mir-
rors to locally heat the metal-coated top surface of the cantilever, 
thereby inducing thermal expansion. By sinusoidal modulation 
of the optical power, we excite the cantilever close to its resonance 
frequency. The position of the cantilever is detected interfero-
metrically through SMF2. Hence, light is emitted from the fiber 
facet toward a concave freeform mirror MI at the bottom surface 
of the cantilever, designed for focusing a portion of the light back 
into the fiber core. Depending on the position of the cantilever, 
this portion of light interferes constructively or destructively with 
the Fresnel reflection at the inner fiber facet. By appropriate 
design of the freeform mirror, the optical amplitude of the back-
coupled light can be matched to the Fresnel reflection from the 
fiber facet, thus ensuring complete extinction of the two partial 
waves for a relative phase shift of π. Please see Section S3 (Sup-
porting Information) for more details. The cantilever is equipped 
with a printed probe tip, which can be tailored to the specific 
application. Fibers SMF3 and SMF4 are used for complementing 
the SPM engine by SNOM functionality. Thus, the sample 
area around the probe tip is locally illuminated through SMF4 
and a combination of a freeform metal mirror and a freeform 
lens, which are both printed along with the cantilever and the 
tip to ensure perfect alignment. For SNOM detection, the tip is 
equipped with a sub-wavelength metal aperture through, which 
light is coupled to SMF3 and routed to a photodetector.

A scanning-electron microscope (SEM) image of a fabri-
cated SPM engine is shown in Figure 1b. The cantilever and 
the optics of the SPM engine were 3D-printed to the SMF array 
by two-photon laser lithography, see the Experimental Section 
for more details. Two-photon lithography has previously been 
used for fabrication of a wide variety of functional structures, 
comprising, e.g., optical freeform elements at the facets of 
optical fibers[23,24] and optical single-mode waveguides[25,26] 
as well as atomic-force microscopy (AFM) tips[27] and cantile-
vers[28] or read-out optics for scanning-tunneling microscope 
tips.[29] After 3D printing the main structure, the top surface 
is covered by a metal coating of 5 nm chromium (Cr) followed 
by 100 nm gold (Au), the former acting as an absorber for the 
785 nm actuation light supplied through SMF1. Dedicated 
shielding structures prevent unwanted metal coating of mirror 
and lens surfaces. For SNOM operation, a sub-wavelength 
aperture is opened at the apex of the tip by scanning across a 
corrugated metal surface. Please see the Experimental Section 
and Section S1 (Supporting Information) for more details on 
the design and fabrication of the SPM and SNOM engines.

To calibrate the position sensor connected to SMF2, we move 
the fiber array with the SPM engine toward the surface of the 
sample using a high-precision piezoelectric translation stage 
while measuring the displacement of the position detector 
mirror MI (Figure 1c). The vertical position at which the tip 
touches down on the sample surface defines the zero point 
of the z-axis; negative values of z correspond to a movement 
toward the surface leading to a deformation of the cantilever 
and a movement ΔzM of mirror MI, whereas positive distances 
lead to a detachment of the tip from the sample surface. If the 
sample surface is stiff, ΔzM shows a linear z-dependence for 
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z < 0 and the measured slope |Δz|/|ΔzM| = 13.4 corresponds to 
the ratio between the z-displacement |Δz| of the probe tip and the 
z-displacement |ΔzM| of the interferometer mirror MI (Figure S4,  
Supporting Information). The measured displacement ratio is in 
good agreement with its simulated value of 13.6 (see Sections S2 
and S3 in the Supporting Information for details of the position 
sensor readout and the simulation technique).

To characterize the dynamic behavior of the cantilever, we 
sweep the power modulation frequency of the optical actua-
tion signal and continuously measure the oscillation amplitude 

of the cantilever using the position detector (Figure 1d). This 
measurement was conducted with a commercial AFM controller 
that comprises a signal generator for modulating the actua-
tion power and a lock-in amplifier for read-out of the position 
detector. The measured phase (blue) and amplitude (black) are 
in good agreement with simulations (green and red, see Section 
S4 in the Supporting Information for details). From these meas-
urements, we extracted a resonance frequency of 189 kHz and 
a quality factor of Q = 10.4. Such comparable low quality factors 
are typical for cantilevers made from polymers and allow for 
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Figure 1. 3D printing of SPM engines allows to realize large variety of ultra-compact designs. The illustrated device is attached to the facet of a single-
mode fiber array and combines an atomic-force microscope and a scanning near-field microscope. Micro-optical elements used for illumination and 
light collection are printed along with the cantilever and the tip to ensure perfect alignment. A) Schematic drawing of the SPM engine (green) including 
metal coatings (yellow) and light propagation paths (red). The cantilever is actuated by light supplied through SMF1, which is redirected by two total-
internal reflection (TIR) mirrors to locally heat the metal-coated top surface. The position of the cantilever is detected through SMF2 by exploiting the 
interference of light reflected from a freeform mirror MI with the Fresnel reflection at the inner surface of the plane fiber facet. SMF4 is used to locally 
illuminate the sample for SNOM excitation. For detection, the tip is equipped with a sub-wavelength metal aperture through which light is coupled to 
SMF3. B) SEM image of the SPM engine. Shielding structures prevent unwanted metal coating of lens surfaces. C) Characterization of the AFM posi-
tion sensor: the AFM engine is moved along the vertical direction (z-direction) toward the sample surface by a high-precision piezoelectric positioner 
while monitoring the displacement ΔzM of the mirror MI. Due to a high spring constant of 64 N m−1 the curve does not exhibit any jump-to-contact 
behavior. D) Characterization of the mechanical cantilever resonance: measured (black) and simulated (red) oscillation amplitude δz and measured 
(blue) and simulated (green) phase of the tip as a function of the power modulation frequency. The phase and the amplitude characteristics exhibit a 
distinct resonance at a frequency of 189 kHz with a quality factor of 10.4.
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fast scanning.[30] When exciting the cantilever at its resonance 
frequency with an optical signal at a wavelength of 785 nm and 
an optical power modulation amplitude of ≈10 mW, we observe 
a tip oscillation amplitude of 24 nm, which is sufficient for 
most applications. Details on the measurement technique can 
be found in Sections S2 and S3 (Supporting Information). The 
oscillation amplitude can be controlled by appropriate choice of 
the power modulation amplitudes or by adapting the mechan-
ical design to provide softer or stiffer cantilevers.

3. Experiments with 3D-Printed SPM Engines

3.1. Atomic Force Microscopy with Atomic Step-Height Resolution

To demonstrate the viability of the concept presented in the pre-
vious section, we first test its ability to measure atomic steps. 
For that we fabricated a simple AFM engine without SNOM 
functionality as shown in Figure 2a, which features a reduced 
cantilever thickness of 10 µm and a reduced spring constant 
of cAFM = 12 N m−1 (Section S2, Supporting Information). In 
addition, we place the AFM position detector right below the 
tip to directly extract the tip movement (displacement ratio 
|Δz|/|ΔzM| ≈ 1). To demonstrate the sensitivity of the interfer-
ometric AFM position detector, we brought the tip in contact 
with a glass substrate and subsequently detached it. Due to the 
reduced spring constant we observed the typical jump-to-con-
tact behavior (Figure 2B).

The vertical resolution of the AFM engine is demonstrated 
by sampling the surface topography of a freshly cleaved highly 

oriented pyrolytic graphite (HOPG) sample (Figure 2c) using 
dynamic (or “tapping”) mode. From the measured topography, 
we extracted line scans across steps of one and two atomic 
layers (Figure 2d), exhibiting step heights of 350 and 700 pm. 
These results are in good agreement with literature values of 
335 pm per layer.[31] While this resolution is already sufficient 
for many applications, the sensitivity of the AFM position 
readout might be further increased by using low-noise laser 
sources and a Fabry–Pérot cavity with high optical Q-factor[32] 
rather than a simple interferometer. However, this requires 
highly reflective mirrors on the fiber facet and on the cantilever 
(see Section S5 in the Supporting Information).

3.2. Atomic Force Microscopy in Liquids

As a second example, we show the capability of our AFM 
engines to switch between measurements in air and in liquids, 
which is helpful, e.g., for imaging of biological samples,[7–9] 
process monitoring in chemical reactors, or for the integra-
tion of AFM engines into microfluidic systems.[33] The associ-
ated structure (Figure 3a) is again printed onto the facets of 
an SMF array, which enables remote operation over extended 
distances without any mechanical alignment of the AFM com-
ponents. The cantilever is now designed as a massive structure 
with a thickness of 21 µm, leading to a dynamic behavior 
which is rather insensitive to the surrounding medium. Note 
that immersion into an ambient liquid decreases the reflection 
both at the SMF facet and at the curved mirror of the position 
detector, making the position detection more sensitive with 

Small 2020, 16, 1904695

Figure 2. 3D-printed AFM engines that offers atomic step-height resolution. A) Schematic of the structure and the associated experiment, in which we 
sample the surface of freshly cleaved highly oriented pyrolytic graphite (HOPG). B) Characterization of the AFM position sensor. The force axis was 
obtained from multiplying the tip displacement with the simulated spring constant of 12. N m−1. Inset: Typical jump-to-contact behavior. C) Measured 
surface topography of the HOPG sample. Three different atomic layers L1, L2, and L3 are visible. D) Line-scans along Line 1 and Line 2 for a one-layer 
(L2-L3) step and a two-layer (L3-L1) step, as indicated in C). The measured step heights amount to 350 pm for a single atomic layer and to 700 nm 
for two atomic layers–in agreement with literature values.[31]
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respect to spurious light reflected from the sample surface. To 
avoid unwanted interference, we modified the position detector 
by adding a metal mirror that deflects excess light away from 
the optical axis of the interferometer (see inset of Figure 3a). To 
demonstrate the performance of the system, we measured the 
mechanical resonance curve both in air and in water (Figure 3b). 
It is interesting to note that the 3D-printed SPM engines allow 
to locally excite the cantilever at a well-defined frequency, 
and that the resonance spectrum does not exhibit a “forest of 
peaks” as frequently observed when operating conventional 
AFM in liquids.[34] The ability of the presented AFM engine to 
subsequently work both in a liquid and in a gaseous environ-
ment without any realignment is demonstrated by sampling 
the same area of an optical grating with a nominal structure 
height of 60 nm, first in air (Figure 3c) and afterward in water 
(Figure 3d). Between the two measurements, we only adjusted 
the feedback control parameters for dynamic-mode operation 
and the position detector read-out wavelength to maintain an 
operating point of maximum sensitivity after immersing the 
cavity in water. The two topography measurements show a slight 
lateral offset of 1.1 µm, which is most likely caused by thermal 
drift of the macroscopic scan stage. We also observed that 
the measurement in air indicates a smaller height difference 
between the grating grooves and ribs than the measurement 
in water. We attribute this to a variation of the mechanical  
Q-factors of the cantilever when scanning in grooves compared 
to scanning on top of ribs. This effect is known to lead to 

deviations in measured step heights.[35,36] Still, the capability of 
sampling nanoscopic objects in various environments without 
mechanical realignment of the AFM engine is a unique feature 
of our concept. Operation of conventional AFM assemblies in 
liquids typically requires mechanical realignment of the laser 
beam to compensate optical refraction at the liquid surface. 
Offering compact footprint, robustness, simple alignment, and 
remote operation through optical waveguides, we expect that 
3D-printed SPM engines will open new perspectives for in vitro 
and in vivo imaging,[7–9] applications in lab-on-chip or microflu-
idic devices,[33] or endoscopic AFM systems.

3.3. SPM Engines for Scanning Near-Field Optical Microscopy

For standard SPM systems, co-integration with other analytical 
tools for multimodal sensing such as SNOM[13,14] is technically 
complex, often involving manual microassembly of discrete 
components such as metal-coated optical fibers, tuning forks, 
and additional optical elements for illumination or light collec-
tion. These challenges can be overcome by 3D-nanoprinting 
of SNOM engines as monolithic structures that comprise all 
relevant elements. For demonstration, we perform a first set 
of experiments that is dedicated to high-resolution sampling 
of optical fields on fiber and laser facets. To this end, we use 
a SNOM engine similar to the one depicted in Figure 1a, 
but without the tip illumination, which is not needed for 
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Figure 3. 3D-printed AFM engines that allow for measurements in air and in liquids. A) SEM image of the 3D-printed structure. The rather thick can-
tilever leads to a dynamic behavior, which is rather insensitive to the surrounding medium. Inset: To minimize the impact of spurious reflections from 
the sample surface, the structure is equipped with a metal deflection mirror that redirects excess light away from the optical axis of the interferometer. 
B) Mechanical resonance spectrum measured in air (black) and water (blue). The resonance frequency and the mechanical Q-factor were determined 
by a fitting a Lorentz-type model function (red) to the measured data (Section S4, Supporting Information). C,D) Surface topography of a grating 
structure measured in air and water without intermediate mechanical realignment of the AFM engine. The positions of surface features in air and water 
are indicated by black and blue lines, respectively. The two measurements show good agreement except for a minor lateral offset of 1.1 µm attributed 
to thermal drift of the macroscopic scan stage.
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characterization of active components (Section S6, Supporting 
Information). Building upon these results, we then demonstrate 
simultaneous SNOM and AFM characterization of photonic 
nanostructures. For these experiments, the light collection func-
tionality is complemented by localized illumination, offered by a 
3D-printed mirror-lens combination (Figures 1 and  4a, see also 
Section S1, Supporting Information). To demonstrate the func-
tionality of the SNOM engine, we analyzed an array of gold (Au) 
nanoantennae on a Si-surface (Figure 4). For illumination of the 
SNOM tip, we use a super-continuum light source featuring a 
fiber-coupled power of 5 mW and a spectrum ranging from 1180 
to 2400 nm with a peak around 1500 nm (Experimental Section 
and Section S6: Supporting Information). An SEM image of a 
single nanoantenna is shown in Inset of Figure 4a. Figure 4b,c 
shows the measured AFM topography and the corresponding 
SNOM image of a subsection of the antenna array. Both images 
were recorded simultaneously. The overview image of Figure 4b 
is distorted by the limited resolution of the large-area scanning 
stage that was used in this experiment. This problem disap-
pears when scanning an individual antenna with a smaller scan 
range (Inset of Figure 4b,c). The SNOM images in Figure 4c 
and in the corresponding inset show some topographical arte-
facts, i.e., topography-induced features in the measured SNOM 
signal that originate from vertical movement of the aperture 
while scanning over the surface topography. Such topographical 
artefacts are typical for true SNOM images and can be avoided 
by measuring in so-called constant-height modus, where the 
tip does not follow the surface topography.[37] From the data 
shown in Figure 4c, we estimate a SNOM resolution of about 
300 nm by fitting a Gaussian model function with a constant 
offset to one of the peaks and by determining the full-width at 
half maximum (FWHM) of the Gaussian. For an illumination 
wavelength of λ = 1550 nm, this corresponds to a resolution of 
roughly λ/5, without accounting for the finite extension of the 

test structure itself, which would improve the measured reso-
lution slightly. Please note that these experiments represent a 
first proof-of-concept demonstration of compact and highly scal-
able 3D-printed SNOM engines and that the performance of the 
structures has not yet been optimized. As an example, the reso-
lution of the SNOM imaging might be improved by using, e.g., 
scattering-mode tips that do not feature an aperture and/or by 
using 3D-printed parabolic mirrors for highly efficient high-NA 
excitation or read-out.[29] We believe that further optimization of 
the design and fabrication techniques will finally enable perfor-
mance parameters that are on par with highly optimized con-
ventional SNOM systems, for which resolutions down to λ/20 
were reported.[14]

4. Wafer-Level Fabrication of Arrays  
of SPM Engines

3D-printed SPM engines lend themselves to wafer-level mass 
fabrication and thus open a path toward massively parallel 
scanning of large sample surfaces. Figure 5a illustrates a vision 
of a SNOM array printed onto a photonic integrated circuit 
(PIC), instead of an SMF facet, that allows for processing of 
optical actuation and read-out signals. This approach allows 
to exploit the scalability as well as the wealth of functionalities 
offered by advanced photonic integration platforms such as 
silicon photonics,[38,39] semiconductors,[40] or low index-contrast 
material systems such as silicon oxide or silicon nitride.[41] Low-
loss coupling between on-chip waveguides and functional part 
of the SPM engines can be accomplished by free-form optical 
coupling elements that combine, e.g., single-mode waveguides 
with microlenses[42] (see inset of Figure 5a).

3D-printing of advanced SPM arrays crucially relies on the 
reproducibility of the structures, both with respect to dimensional 
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Figure 4. Simultaneous AFM and SNOM imaging of passive optical nanostructures. A) The measurement relies on a printed AFM engine with a 
dedicated mirror-lens combination for local illumination of the SNOM tip (Figure 1A,B). The sample consists of metallic gold (Au) nanoantennae 
on a dielectric (Si) substrate. Inset: SEM image of an individual nanoantenna. B) Sample topography determined from the AFM signal. The distor-
tions originate from the limited resolution of the large-area scanning stage (800 µm travel range) that was used in this experiment. Inset: Surface 
topography of an individual antenna taken with a different scanning stage. C) SNOM signal obtained when using a fiber-coupled super-continuum 
light source having a spectral peak at ≈1500 nm for illumination. The SNOM detector signal is normalized to the maximum value that was found 
in the image. Inset 1: Normalized intensity of the SNOM signal along line from P1 to P2. The resolution of the SNOM image amounts to 300 nm 
as indicated by the full-width at half maximum (FWHM) of a Gaussian fit (red). The performance can be greatly improved by optimizing the design 
and the fabrication processes. Inset 2: SNOM signal S of an individual antenna, indicating a clear topographic artefact T, which is typical for true 
SNOM images.[37]
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fidelity and to functional parameters such as spring constant and 
resonance frequency of the cantilever. To investigate these aspects, 
we have fabricated and characterized arrays of nominally iden-
tical SPM cantilevers on plain fused-silica substrates (Figure 5b). 
Results for the SNOM-type cantilever (Figure 1) are given in 
Figure 5c,d, whereas results for the AFM-engines (Figure 2) and 
details on fabrication can be found in Section S7 (Supporting 
Information). The reproducibility of the cantilever height above 
the substrate is a crucial parameter when sampling extended 
surfaces by a large-scale array of SPM engines. To measure the 
height variation, we use a vertical-scanning white-light interfer-
ometer (VSI) (Section S7, Supporting Information). A histogram 
of the measured height of 66 SNOM cantilevers is shown in 
Figure 5c, indicating a standard deviation of σh = 690 nm and 
an average height of 69 µm, i.e., a relative deviation of only 1%. 
The height of individual cantilevers may be controlled by using 
additional optical actuators for individual fine-tuning (Section S8, 

Supporting Information). In addition, the reproducibility of the 
cantilever resonance frequency is crucial, as identical resonance 
frequencies allow to use a collective excitation signal for a multi-
tude of SPM engines. The variance of the resonance frequency 
is measured by mechanically exciting the 66 SNOM cantilevers 
using a piezo actuator below the substrate and by measuring the 
individual oscillation amplitudes using a deflection laser. The 
histogram of the measured resonance frequencies is depicted in 
Figure 5d, indicating a standard deviation of σf = 3.98 kHz for 
an average resonance frequency of 188.2 Hz. This corresponds 
to a relative one-sigma uncertainty of 2.1%, which is far below 
the uncertainties of about 30% that are commonly reported for 
state-of-the-art silicon or silicon-nitride cantilevers.[10] Finally, it is 
interesting to note that the resonance frequency of printed SPM 
cantilevers can be thermally tuned by varying the average optical 
excitation power and hence adjusting its stiffness (Section S8, 
Supporting Information).

Small 2020, 16, 1904695

Figure 5. Wafer-level fabrication and reproducibility of SPM engines. A) Vision of SPM arrays, printed onto a photonic integrated circuit (PIC) that 
allows for processing of optical actuation and read-out signals. Parallelization of 3D-printed SPM engines could open a path toward efficient scanning 
large sample surfaces. Inset: Coupling of light between SPM engines and planar lightwave circuits can either rely on grating structures,[43] as indicated 
for the position readout, or on free-form optical coupling elements that combine single-mode waveguides with microlenses.[42] B) Light-microscope 
image of four cantilevers printed on a quartz substrate. C) Histogram showing the height variation of 66 SNOM engines printed onto a plane quartz 
substrate. The heights exhibit a standard deviation of 690 nm. Residual height variations may be compensated using dedicated optical actuators for 
individual fine-tuning of the cantilever positions. D) Histogram displaying the resonance frequency of the 66 cantilevers. A piezo actuator was used to 
mechanically excite the cantilevers with a frequency sweep, and the readout was performed by measuring the deflection of a laser using a split photo-
diode. The standard deviation amounts to σf = 3.98 kHz for an average resonance frequency of 188.2 kHz.
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5. Conclusion and Outlook

We have introduced a novel approach for fabricating highly com-
pact scanning probe microscopy systems with unprecedented 
versatility and functional design freedom. Our approach exploits 
high-resolution two-photon laser lithography for in situ printing 
of SPM engines onto the facets of optical devices, which provide 
optical actuation and read-out signals. Enabling high-precision 
monolithic co-integration of SPM engines with printed micro-
optical components such as lenses and mirrors, the concept is 
perfectly suited for incorporating additional imaging modes such 
as scanning near-field optical microscopy. We demonstrate the 
viability of the approach in a series of experiments that range 
from atomic-force microscopy engines with atomic step height 
resolution to operation of AFM engines under water and to 
SNOM implementations that allow for characterizing both active 
and passive photonic components. We further confirm that the 
technique is amenable to wafer-level fabrication of massively par-
allel SPM arrays. Our concept may pave the path toward advanced 
SPM systems may unlock a wide range of scientific and industrial 
applications that are inaccessible to current SPM concepts.

6. Experimental Section
Fabrication of the Printed SPM Engine: A cross-section of the scanning 

probe microscopy engine in Figure 1a of the main manuscript is 
depicted in Figure S1 (Supporting Information), giving also details 
of the geometrical dimension. The SPM engine is printed onto the 
facets of an array of four single-mode fibers for near-infrared operation 
(AllWave FLEX, OFS, USA). The pitch of the fibers amounts to 127 µm. 
For printing of the SPM engine, a two-photon lithography setup is used 
that is based on a commercially available system (Photonic Professional 
GT, Nanoscribe GmbH, Germany). The machine has been extended 
by additional hardware features and a proprietary software package for 
high-precision alignment of the printed structures with respect to the 
fiber cores. This includes machine vision to detect the fiber facet position 
and tilt as well as the fiber-core position by detecting light emitted from 
the fiber core. As light source, a red LED was coupled into the SMF. A 
pulsed femtosecond laser beam is used (≈150 fs pulse duration on the 
sample, 80 MHz repetition rate), which is focused into the resist by a 
40x-microscope objective having a numerical aperture (NA) of 1.4. The 
laser power is adjusted to slightly below the damage threshold of the 
resist. The distance of subsequent writing lines and subsequent layers to 
be fabricated, often referred to as “hatching and slicing distance,” was 
set to 100 nm. The scan speed was kept at 1 mm s−1 at the shell of critical 
parts such as the tip and optically functional elements like TIR-mirrors 
and lenses. The cantilever itself was printed with a typical scan speed of 
10 mm s−1. A commercially available resist is used (IP-Dip, Nanoscribe 
GmbH) without applying adhesion promoter prior to fabrication. The 
refractive index of the exposed resist amounts to 1.53 at a wavelength[44] 
of 1550 nm. Further details on the fabrication of AFM tips with two-
photon polymerization can be found in ref. [27]. By scanning a suitable 
test target, a tip radius of 25 nm could be determined here.

By applying these parameters, an RMS roughness below 40 nm is 
expected, which is sufficient not to degrade performance of mirror nor 
lenses, see ref. [24] for details on both 3D-printed lenses and mirrors.

After lithography and development, a metal cover consisting of 
nominally 5 nm chromium (Cr) and 100 nm gold (Au) is deposited onto 
the top surface of the structure using a highly directed electron-beam 
evaporation process in ultra-high-vacuum (UHV). A dedicated shielding 
structure is used to prevent unwanted coating of the lens surface that 
illuminates the SPM tip as well as the TIR mirror (Figure 1b). Compared 
to metal mirrors, TIR reflectors have a higher damage threshold and 
avoid undesired heating.

Atomic Step-Height Resolution: To measure the calibration curve in 
Figure 2b of the main manuscript, an external-cavity laser (ECL, TSL-210, 
Santec, USA) is used for position read-out and adjust its wavelength 
to one of the operating points with highest sensitivity. For small 
displacements ΔlC of mirror MI, a linear relationship between the change 
of the reflected power and the mirror displacement is assumed. The 
proportionality factor is extracted by deforming the cantilever by bringing 
the tip in contact with and detached it from a hard sample surface using 
a closed-loop piezoelectric positioner driven by a commercially available 
AFM controller (ARC2, Asylum Research Inc., Oxford Instruments, UK) 
that comprises a signal generator for modulating the optical actuation 
power and a lock-in amplifier for read-out of the position detector. Here 
it is assumed that the incremental displacement of the tip relative to 
SMF array is identical to the movement of the piezo positioner and 
thereby allows calibrating the output signal of the position detector 
to the tip displacement, indicated on the vertical axis of Figure 2b. 
The optical signal of the position detector was received by a fiber-
coupled InGaAs photodiode (PD, 2053-FC, Newport Co., USA). To 
avoid back-reflection from the PD an optical isolator was used. For 
adjusting the mechanical excitation frequency of the AFM actuator, the 
cantilever is first excited at its resonance and then slightly reduced the  
frequency such that the oscillation amplitude reduces to ≈97% of 
the amplitude for resonant excitation. The sample surface is then 
scanned in so-called dynamic mode, where the vertical position of the 
AFM engine is constantly adjusted such that the cantilever oscillation 
amplitude is kept constant. Typically, this is in the range of 60% to 90% 
of the free-air oscillation amplitude obtained without interaction with the 
sample surface. Note that for dynamic mode, the step height is deduced 
from the vertical position of the AFM engine and hence does not depend 
on the exact calibration of the cantilever position read-out. Nevertheless, 
the step-height resolution can be improved by increasing the sensitivity 
of the position read-out sensor.[32]

Scanning Near-Field Optical Microscope Measurements: The 
functionality of the SNOM engines was demonstrated in a series of 
different experiments shown in Figure 4 and Figures S7–S9 (Supporting 
Information). In these experiments, the same ECL and photodiodes 
are used as for the AFM-measurements (preceding paragraph and 
Section S6, Supporting Information). As samples, the facet of an SMF 
is used (Figure S7, Supporting Information), a semiconductor-laser 
(Figure S8, Supporting Information), grating couplers of a silicon 
photonic waveguide (Figure S9, Supporting Information), and Au-on-Si 
nanostructures (Figure 4). For all these samples, the topography data 
along with the SNOM signal was recorded.

Image and Data Processing: All SPM data was collected with Asylum 
Research proprietary software and processed with the freeware tool 
Gwyddion (http://gwyddion.net). A “polynomial fit” with degree ≤ 2 
was employed, “aligned rows” and chose a suitable data range. Cross-
sections of the measured data along certain lines were taken over an 
averaging range of ≈250 nm (Figure 2c), two lines (Figure 4c), a single 
line (Figure S7, Supporting Information) and 400 nm (Figure S9,  
Supporting Information). AFM and SNOM images were always 
captured simultaneously. Zoom-in data taken from the very same image  
(Figure S7c, Supporting Information) are indicated. All plots were 
created with Origin (Origin Lab Corp., USA).

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