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Abstract: When targeting the integration of atomic force microscopes (AFM) into vacuum 
environments (e.g., scanning electron microscopes), a tunable Q-factor of the resonating AFM 
cantilever is a key feature to enable high speed measurements with high local resolution. To achieve 
this goal, an additional stimulus is applied to the cantilever with respect to the mechanical stimulus 
provided by the macroscopic piezoelectric actuator. This additional stimulus is generated by an 
aluminium nitride based piezoelectric actuator integrated on the cantilever, which is driven by a 
phase shifted excitation. With this approach, the mechanical Q-factor measured with a laser Doppler 
vibrometer (LDV) in vacuum is electrically decreased by a factor of up to 1.7. 
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1. Introduction 

In the last decades a huge number of silicon based MEMS (micro electro-mechanical systems) 
sensors and actuators were developed. Based on this effort, a broad range of different application 
scenarios such as sensors for the detection of chemical [1,2] or physical quantities [3,4] is covered, 
leading to an continuously increasing number of MEMS devices which are commercially available 
today. Despite their individual and application-specific design most approaches make use of either 
membranes or cantilevers as functional key components. Furthermore, to increase the sensitivity, 
many MEMS devices are operated in resonance by applying either electro-magnetic, capacitive or 
piezoelectric elements for excitation [5]. 

When making use of the latter transducer principle, a typical design consists of an aluminum 
nitride layer (AlN) sputter deposited on silicon (Si) and released with a support structure from the 
substrate [6]. Despite moderate piezoelectric constants [7], AlN is often preferred compared to zinc 
oxide (ZnO) or lead zirconate titanate (PZT) as functional material, as it is compatible with standard 
complementary metal oxide semiconductor (CMOS) microfabrication processes [8] and offers a high 
temperature stability [9]. Most promising application scenarios for cantilever or membrane-type 
micro-machined AlN devices are as density and viscosity sensors of liquids [10], as high frequency 
filters [11], as MEMS scanning mirrors [12] or as vibrational energy harvesters [13]. 

Advanced future surface analysis techniques demand a combination of scanning electron 
microscopy (SEM) and atomic force microscopes (AFM). This approach provides the possibility to 
investigate the same area of interest with both SEM and AFM. Standard AFM cantilevers that are 
excited by a piezo-shaker, feature a low bandwidth in vacuum due to increased Q-factors as the 
damping by the surrounding atmosphere is negligible compared to a standard operation in air [14]. 
To overcome this issue, an active tuning of the Q-factor is required. 
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2. Experimental Details 

To evaluate the potential of the presented approach, a highly doped silicon-on-insulator (SOI) 
based cantilever with a thickness TSub of 20 µm serving as bottom electrode, is covered with reactively 
sputtered aluminum nitride (AlN) thin film (TAlN = 500 nm). The top electrode consists of TTE = 200 nm 
gold (Au) completing the piezoelectric actuator as shown in Figure 1. 

 

Figure 1. Schematics of the piezoelectric MEMS cantilever. In (a) the top and in (b) the cross-sectional 
view are shown. 

The cantilever has a length of L = 750 µm, a width W = 160 µm and is covered with AlN by a 
length LAlN = 200 µm. The cantilever is glued and bonded to a specially designed printed circuit board 
(PCB) which connects the cantilever electrically to the electrical stimulus and mechanically to the 
piezo shaker. The optical photo in Figure 2 shows the setup of the measurement board.  
To demonstrate the damping effect, the cantilever is exposed to a pressure of 6.5 × 10−5 mbar where 
the viscous damping of air is negligible. 

 

Figure 2. Photo of the custom-built shaker mounted with a bonded MEMS cantilever. The complete 
set-up is placed in a vacuum-controlled chamber having an optical access for the LDV. 

The complete measurement system is illustrated in Figure 3 and is controlled by a MATLAB 
script. To excite the cantilever in resonance, a piezo shaker, which is clamped in a bridge setup made 
out of aluminum, generates the mechanical excitation. Driven by a frequency generator (FG) and by 
a custom-made piezo amplifier, the mechanical excitation of this setup prevents resonances up to 100 kHz. 

The phase lag is chosen such that it approximates a typical impedance spectrum of a MEMS 
cantilever resonating in the first bending mode (see Figure 4). The oscillation of the cantilever tip is 
measured with a laser Doppler vibrometer (LDV) (Polytec MSA400) and is recorded by an 
oscilloscope. The phase lag φstart of the signal supplied to the AlN actuator is varied from −90° to −30° 
relative to the shaker voltage and has a fixed phase lag of 180°. 
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Figure 3. The Block diagram of the measurement set-up used for characterization of the actively 
damped MEMS cantilevers. The electrical readout, highlighted in green, is targeted for future 
evaluation purposes. 

 
Figure 4. Phase difference between the stimulating voltage at the integrated piezoelectric layer and 
the supply voltage at the shaker. 

3. Results 

The phase shift is applied by a 2 channel FG and controlled by a MATLAB script which varies 
the phase shift and records the cantilever oscillation via LDV and oscilloscope. The corresponding 
response characteristics of the cantilever amplitudes are shown in Figure 5 which represents the 
normalized amplitude of the oscillation amplitude of the cantilever tip. 

The Q factors for this experiment are determined by =  where  and  represent 
the resonance frequency and full width half maximum (FWHM), respectively. The extracted Q-factor 
values are presented at Table 1, starting with a value of 1080 at φstart = 0° with a constant phase lag of 
0 and is reduced to 639 at φstart = −30° with a phase lag of 180° which is a reduction of the Q-factor by 
a factor of 1.7. 
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Figure 5. Normalized amplitude characteristics of the cantilever tip when applying a phase shifted 
excitation. The inserted detail serves as guide to the eyes. 

Table 1. Table of Q-factors obtained by LDV measurements when applying a phase-shifted stimulus 
to the MEMS cantilever. 

φstart Qmech

0 (ϕconstant) 1080 
−60 724 
−30 639 

4. Summary 

The setup demonstrates a clear reduction of the Q-factor due to the varying offset in phase.  
The optical readout represents a typical AFM device and this Q-factor tuning offers an easy-to-
implement extension to existing AFM equipment. The manipulation of the phase lag between 
cantilever and shaker excitation results in a reduction of the Q-factor by a factor of 1.7. Future 
developments, indicated in green color in Figure 3, target the electrical read-out of the cantilever 
movement in a Wheatstone-bridge configuration and are focused on the design dependent impact of 
the MEMS cantilevers on the reduction in Q-factor. 
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