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Abstract 

The image formation process in a conventional atomic force microscope (AFM) is 

based on probe-sample interactions in the out-of-plane direction only. As a 

consequence, the image is not truly 3D. Here we present an approach towards 3D 

sensitivity for AFM, based on simultaneous excitation and optical detection of 

multiple cantilever resonance modes. Additionally, cantilever engineering has been 

used to create substructures within the cantilever that have been optimized for 

specific resonance behavior. The technique was implemented in a novel AFM head 

with superior thermal and mechanical stability, required for the next-generation 

nanometrology. 

 

1. 3D sensitivity for AFM 

In recent years scanning probe microscopy has evolved from a qualitative imaging 

method to an invaluable technique for dimensional metrology on the nanometer scale, 

ensuring production quality and enabling technological advancement in e.g. precision 

engineering, nanotechnology and biomedicine. The AFM in particular, has proven to 

be a versatile technique for characterization of metal, semiconductor and insulator 

structures in air, vacuum and even in a liquid environment. Of the different modes of 

AFM operation, e.g. contact, non-contact and intermittent contact mode, the latter, 

also known as tapping mode, is most suited for dimensional metrology in air: non-

contact mode lacks sensitivity under atmospheric conditions and contact mode often 

leads to wear of the probe and the sample.  

In tapping mode the AFM cantilever is commonly oscillated near the frequency of the 

first bending mode, which leads to sensitivity in the direction perpendicular to the 
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sample under investigation, but not in the in-plane directions. Hence, an AFM image 

thus obtained is not truly 3D, as for example information on the sidewalls of 

structures is lacking. This is a downside of the technique, as with the continual 

miniaturization of engineered nanostructures the properties of sidewalls are becoming 

increasingly important. To achieve sensitivity parallel to the sample, one option is to 

use the torsion mode of the cantilever [1], but this offers lateral sensitivity in one in-

plane direction only. None of the natural modes of a standard cantilever can be used 

for motion in the remaining orthogonal direction, but as we will show this can be 

achieved by micromachining a substructure into the cantilever, e.g. by using focused 

ion beam (FIB) milling, see Fig. 1a. Probing in 3D is then achieved by 

simultaneously exciting the bending mode, the torsion mode and the engineered 

mode.  

In contrast to the conventional approach of using a piezoelectric actuator to induce 

cantilever motion, we present results on photo-thermal excitation using an intensity 

modulated low-power laser source, see e.g. [2]. The benefits of this method over 

piezoelectric actuation include the possibility of inducing large amplitude vibrations 

in a broad frequency range. This is required to effectively excite the natural cantilever 

modes as well as the engineered modes, the latter with resonance frequencies 

typically in the MHz-regime. The motion of the cantilever is read-out by using 

another laser and a high-bandwidth quadrant detector (QD). This results in an all 

optical excitation and deflection detection scheme, where the positions of both laser 

spots provide additional parameters to control and optimize the multi-mode cantilever 

excitation for 3D AFM measurements, see Fig 1b.     

 

Figure 1:  (a) Electron micrograph of a cantilever with a substructure machined 

around the tip. The axis of rotation of the substructure is indicated by the dotted line. 

(b) Scheme for photo-thermal actuation and deflection read-out using two lasers. 
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2. AFM head  

The concepts of photo-thermal actuation and 3D AFM can be implemented in 

existing AFM set-ups with relative ease, as only line-of-sight access to the cantilever 

is required. However, to uncover their full potential we have developed and tested a 

dedicated metrology AFM head. To ensure thermal and dynamic stability, the AFM 

head comprises two parts: the cantilever holder and a frame containing the adjustable 

optical components, as shown in Fig. 2.  

 

Figure 2: (a) AFM head with the modules for measuring the cantilever deflection and 

the module for photo-thermal actuation. The light for the detection and actuation is 

fed in through optical fibers to minimize the thermal load on the head. (b) View on 

the cantilever and the QD. 

 

The cantilever module needs to assure sub-nanometer stability of the cantilever with 

respect to the Abbe point of the final AFM configuration. To ensure thermal stability 

this module is made of Invar and connected directly to the AFM sample stage [3]. By 

optimizing its geometry and removing unnecessary functionality during 

measurement, the mass is minimal. For example, the functionality to align the 

cantilever in the nominal Abbe point is incorporated in an external tool that is not part 

of the metrology loop. The procedure to align the AFM tip is represented in Fig. 3.  

The frame containing the optical components is positioned onto the AFM stage via 

the cantilever module and requires sub-micrometer stability. Attention is given to the 

homogeneous deformation and dynamic behavior, as non-homogeneous deformation 

will result in angular deviations of the modules. Therefore, the optical modules 

containing the lenses are connected rigidly to the frame during measurements. Only 

during adjustment of the laser beams and the QD, the modules are unlocked and the 

adjustment mechanisms make contact. 

155



Proceedings of the 14
th
 euspen International Conference – Dubrovnik – June 2014 

 

Figure 3: Schematic representation of the offline alignment of the AFM tip in the 

Abbe point. (a,b) An artefact with a reference mark determines the nominal position 

of the Abbe point. (c,d) The position of the AFM tip can be adjusted with set-screws 

and verified by rotating the holder over 120°. 
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