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Abstract. The first choice in science and industry to image surfaces down to the sub-nm range are scanning
electron microscopy (SEM) and atomic force microscopy (AFM). Both techniques have specific disadvantages
which can be compensated by the other method. Therefore, the implementation of AFM inside an SEM vacuum
chamber provides the user with the best of both worlds. When operated under vacuum, AFM cantilevers have
larger Q factors than in air and thus a lower scanning speed. In this work, an electrical circuit and a piezo-
electrically driven micro-electromechanical system (MEMS) cantilever is developed to tune the Q factor of the
cantilever using a feedback system, with the goal of replacing air damping. In doing so, it is demonstrated that
AFM measurements in vacuum with scanning speeds as under ambient air pressure are feasible. The cantilever
features an electrically driven integrated piezoelectric transducer, which is used to excite the oscillation while
the piezoelectric current serves as a feedback signal for a closed-loop feedback approach. In vacuum, the Q fac-
tor is reduced by a factor of 4. Hence, the cantilever oscillation and step response show a damping behaviour

equivalent to an operation in air.

1 Introduction

In recent years, the demand for new material and surface
analysis techniques has continuously increased. With the use
of scanning electrode microscopy (SEM) or atomic force mi-
croscopy (AFM), tremendous images of surface structures
well in the sub-nm range are provided (Heath et al., 2021;
Hui et al., 2018; Khan et al., 2020; Tavakoli et al., 2018).
SEM is used most commonly for analysis of both surface mi-
crostructure and chemical composition with imaging frame
rates of approximately 10-50 fps. When an electron beam
is used, however, topographic surface information has to be
calculated by elaborate triangulation methods (Schubert et
al., 1996). In contrast, an AFM offers highly accurate topo-
graphic information of the surface, which can be extracted by
scanning a cantilever tip across the surface (Eaton and West,
2010). However, with the exception of modern high-speed
AFM approaches, frame rates are in the range of < 1 frame
per minute and, hence, significantly lower. In addition, frame
rates decrease with increasing field of view for AFM but re-

main constant for SEM. Overview images requesting a large
field of view are therefore extremely time consuming when
applying AFM compared to SEM.

In order to take advantage of both methods, AFM systems
can be introduced into an SEM vacuum chamber like the AF-
SEM system from Quantum Design (formerly GETec) (An-
dany et al., 2020; Kreith et al., 2017). However, the lack of
viscous fluidic damping for the oscillating AFM cantilever in
vacuum results in an increased quality factor (Q) and thus a
lower bandwidth (Fairbairn et al., 2011). The response time
of the oscillation amplitude at surface steps is therefore pro-
longed, and consequently the measurement time increases
(Qiu et al., 2016; Rodriguez and Garcia, 2003; Sulchek et
al., 2000). Without viscous damping, the Q factor of the
cantilever is primarily determined by the geometric dimen-
sions (i.e. anchor losses) and the material (i.e. internal losses,
thermo-elastic losses) of the cantilever (Goeders et al., 2008).
Therefore, straightforward measures for tailoring Q results
either in the variation of cantilever dimensions or in the se-
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lection of specific cantilever materials (Hosseini et al., 2019;
Naeli and Brand, 2009; Sandberg et al., 2005).

To regain the measurement speed of the AFM cantilever
in vacuum known in air, the Q factor has to be reduced to
lower the scan time. The time to reach steady state, which
is linked to the ratio fp/Q, where fy is the resonance fre-
quency of the cantilever beam, can be reduced by replacing
conventional stiff micro-electromechanical system (MEMS)
materials such as silicon or silicon nitride with softer alter-
natives like polymers (Adams et al., 2016). Also, the effect
of an additional layer, which is deposited onto a standard
cantilever, reduces the Q factor through enhanced internal
losses (Fahrbach et al., 2021). The model for the change in
the Q factor was developed here (Dufour et al., 2007). But,
once the material combination and the cantilever dimensions
are selected, an adaption of the Q factor during operation is
not possible.

To overcome this issue and to provide real-time active
tuning of the Q factor, an approach is reported where
lock-in amplifiers and a modulation-demodulation controller
are applied to manipulate an Si cantilever with an inte-
grated aluminium nitride (AIN) actuator-sensor stack (Mah-
davi et al., 2020). Through tuning the controller parame-
ters, the Q factor of the first mode is reduced from 312
to 109. A further reduction from 276 down to 3, with a
similar setup to a modulation-demodulation controller, was
shown in Karvinen and Moheimani (2014). For demonstra-
tion purpose, a Brucker dimension micro-actuated silicon
probe (DMASP) microcantilever with a positive position
feedback controller (PPF) was used to reduce the Q factor.
The same DMASP microcantilever is used in Fairbairn et
al. (2011) to demonstrate experimentally the effectivity of
a shunt impedance at the driving circuit of the cantilever.
Through adjusting the resistor—capacitor (RC) filter and a
voltage source, the Q factor is reduced from about 298 to 36,
which is similar to the approach introduced before. In another
study, by using a field programmable analogue array (FPAA)
and a DMASP cantilever from Brugger, the Q factor is re-
duced from 185 to 50 (Fairbairn and Moheimani, 2012). To
keep the imaging artifacts as low as possible, the Q factor
is adjusted to 165 while the cantilever tip is off-sample. A
setup consisting of a controller and a cantilever with three
electrodes, where one serves as actuator and the other two
as sensors, is reported in Coskun et al. (2019). Through the
PPF controller in the feedback loop, the Q factor is reduced
electronically from 177 down to 15. Another study also deals
with a setup of three electrodes. It was shown that the Q fac-
tor was reduced from 390 to 30 (Mahmoodi Nasrabadi et
al., 2022). A comparison of the latter studies indicates a de-
crease in Q factors by a factor ranging from 8 to 12 between
a non-activated and activated feedback circuit for commer-
cially available cantilevers. In contrast, for custom-made can-
tilevers, the Q factor reduction is only about a factor of 2.8.
Damping of the oscillation by a polarization-induced cur-
rent from the cantilever-integrated piezoelectric element de-
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creases the signal-to-noise ratio but is limited by the sensi-
tivity of the readout circuit (Miller et al., 2018, p. 20). It is
crucial to manage all these factors to prevent instabilities.

In this study, the sensor and actuator approach, as shown
in Ruppert and Moheimani (2013) and Kucera et al. (2013),
and a feedback loop are used to evaluate the potential for ma-
nipulating the Q factor of MEMS cantilevers electronically
for vacuum applications. The efficiency of Q factor reduc-
tion is demonstrated with a tailored piezoelectric transducer
element integrated on a MEMS cantilever. The impact of the
active damping approach on the Q factor and the frequency
response of the cantilever is compared for different active
feedback levels. Electrical as well as optical measurement
results are evaluated with series resonant circuit models. Ad-
ditionally, the impact of the feedback loop parameters on the
response time of a step response is presented to demonstrate
its high potential.

2 Experimental details

2.1 Cantilever design and fabrication

The geometrical configuration of the custom-made can-
tilever, which was fabricated in-house, is illustrated in
Fig. la, showing the beam length (/s;), width (ws;), AIN
coverage (/alN), and AIN width (waiN). The cross-section
shown in Fig. 1b illustrates the three principal layers of the
cantilever. The base layer consists of the doped silicon sub-
strate, which simultaneously serves as the mechanical sup-
port and as the bottom electrode, respectively. Above, the ac-
tive AIN layer provides the piezoelectric actuation responsi-
ble for cantilever excitation. The upper metallization, com-
posed of Cr and Ag, serves as top electrode. The selection
of the cantilever dimensions was guided by the limitation
of the bandwidth of the amplifier and the limitations set by
the fabrication. An analytical estimate based on the Euler—
Bernoulli formulation for a rectangular cantilever, targeting
a resonance frequency on the order of 50kHz and using
the approach employed in Mahdavi et al. (2020), results in
the dimensional choice of Isi = 750 um, ws; = 80 um, and
IaIN = 500 pm. These values are indicated at the left edge of
the die as 750/80/500 in Fig. 1c. The length of /N was se-
lected to minimize parasitic effects of the piezoelectric layer
and to reduce its influence on the mechanical properties of
the cantilever. In addition to the released cantilever, an ad-
ditional AIN/Cr/Au stack with the identical dimensions as
the cantilever is realized on the silicon frame. With this non-
released stack, any parasitic influences on the conductance
spectrum can be determined in situ on the chip, thus allow-
ing for baseline compensation Fig. 1c.

The fabrication process is schematically shown in Fig. 2.
The process starts (Fig. 2a) with a silicon-on-insulator (SOI)
wafer with a highly doped silicon device layer serving as a
bottom electrode (buried oxide layer (BOX) of 2 um thick-
ness). Thermal evaporation is used to deposit 100 nm Ti and
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Figure 1. The geometrical dimensions of the cantilever (a), its cross-section (b), and the top view (c¢) are shown. The illustrations at
(c) include the free-moving cantilever, the compensation structure, and the contact pads.
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Figure 2. The resulting structure of the cantilever fabrication is pre-
sented. The schematic shows (a) Ti/Au layer for ohmic contact for-
mation on silicon, (b) device layer with AIN and Cr/Au top elec-
trode layer, (c¢) front side DRIE etch, and (d) back side DRIE etch
and HF cantilever release.

200 nm Au. Contact pads are patterned using lift-off lithogra-
phy, and a subsequent annealing step is performed to realize
an ohmic contact between Ti/Au and Si (Fig. 2a). Next, the
beam is coated with piezoelectric AIN, which is synthesized
by DC reactive magnetron sputtering. Subsequently, Cr/Au is
e-beam evaporated as the top electrode layer, with AIN serv-
ing as insulation between the top and bottom electrode. Both
AIN and the top electrode are patterned with the same lift-off
lithography step (Fig. 2b). Finally, the cantilever geometry
is defined by a topside deep reactive ion-etching (DRIE) pro-
cess (Fig. 2c). After backside DRIE, the cantilever is released
in hydrogen fluoride (HF, Fig. 2d).

2.2 Measurement setup

The Q factor of a resonantly operated system is determined
by the ratio of fo and amplitude bandwidth (B, 3 dB band-
width). When B is reduced due to decreased damping, O gets
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larger, which increases the response times of the system
(Kucera et al., 2013) and thus prolongs the measurement
duration, and vice versa. To manipulate B, a measurement
scheme with a piezoelectric cantilever probe, as is shown in
Fig. 3a, is used. The cantilever velocity is measured with a
laser Doppler vibrometer (LDV) from Polytec (MSA-400).
Cantilever oscillation is excited by the AIN driven through
the excitation voltage (Up). A moveable silicon reference
sample surface is placed below the cantilever which is driven
by a rectangular voltage of 0.25V from the frequency gen-
erator. This is amplified by 100 with a PICA Piezo Con-
troller from Physik Instrumente (PI) SE & Co. KG (a com-
pany based in Germany) to a voltage of 25V, with a max-
imum frequency of 2kHz. Through that, the distance be-
tween cantilever and sample surface (dcs) can be varied
by approx. 1.56 um using a Piezomechanik PSt 150/5x5/7
piezoelectric actuator. To measure Q in vacuum under free-
moving conditions, dcs is sufficiently large (approx. 2 um) to
suppress any influence of the sample surface on cantilever vi-
bration (approx. 500 nm deflection amplitude). For response
time measurements, the sample surface is periodically ap-
proached to simulate a step-like surface topography. This
setup is comparable to a pulsed force mode AFM, where the
probe is moved along the z axis in a sinusoidal motion (Butt
et al., 2005; Eaton and West, 2010; Rosa-Zeiser et al., 1997).
In this paper, a square wave-shaped stimulation is used.

The measurement circuit is shown in Fig. 3b. The equip-
ment is controlled by MATLAB and is separated into signal
generation, equipment in the vacuum chamber, and data log-
ging. The oscillation voltage for the integrated piezo trans-
ducer on the cantilever and the compensation structure is sup-
plied by the lock-in amplifier (Zurich HF2LI) via the opera-
tional amplifier, which is set to unity gain. The compensa-
tion structure is used to eliminate the current from the par-
allel resistance (Rp) and parallel capacity (Cp) of the inte-
grated piezo transducer. The I/U converter or transimpedance
amplifier (TIA) converts the compensated current (Ic) into
a proportional compensated voltage (Uc = Uc r + jUc_x).
The transimpedance Ztia = llj—g = Riuky = —10°Q2 defines
the conversion gain. The resulting voltage is then fed into
the lock-in amplifier. The extracted real part (Uc_r) of Uc is
internally scaled by the lock-in feedback factor (kg,) and
fed back into the adder stage (Um, = kspUc r), which in
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Figure 3. (a) Layout of piezoelectric-driven cantilever in vacuum with electrical readout, optical readout, and sample surface movement.
(b) The measurement circuit is separated into signal generation at frequency generator and lock-in amplifier, signal preparation in the vacuum
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Figure 4. (a) Optical photographs of the PCB and the cantilever placed inside the vacuum chamber, and (b) a detailed view of the cantilever

itself.

turn reduces Up. The strength of kg, is varied between O
and 20. Uy is generated through the addition of feedback
voltage (Up,) and a DC voltage (Ui,) generated by chan-
nel 1 (CH1) of the frequency generator (FG) and subsequent
multiplicative mixing of Uy, + Uj, with the lock-in sinusoidal
reference signal (Uac), resulting in Uy = (U, + Uip) X Uac-
CH; of FG is used to generate the square wave signal (Us)
which is applied via piezo amplifier to the sample surface
piezo actuator, thus changing dcs. The cantilever velocity (v)
is measured using an LDV through an optical port located at
the top of the vacuum chamber. The LDV provides a complex
voltage signal (UrLpy = ULpv r + jULDV_X): which is pro-
portional to the cantilever velocity Urpy o v and is acquired
by the lock-in amplifier.

Figure 4a shows the top view of the vacuum chamber, op-
erating at a base pressure of 10~ mbar. The printed circuit
board (PCB) with the mounted cantilever die is placed in-
side the chamber and is visible through the optical access
port in the chamber lid. In addition to the cantilever, the PCB
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includes a moveable sample surface, which is used for step-
response measurements and is described in detail later in this
paper. Figure 4b shows a detailed view of the cantilever as
mounted on the PCB, including the bonding wires used for
electrical interconnection. The silicon frame surrounding the
cantilever was removed to enable the step-response measure-
ments.

2.3 Equivalent circuit model of the cantilever

In order to determine the Q factor from the frequency spec-
tra, the optically measured cantilever amplitude spectrum
is evaluated by a fitted procedure (Kucera et al., 2014). In
Eq. (1), the output voltage spectrum of the LDV (ULpvy(f))
depends on the frequency (f). The physical meaning of the
voltage far from the resonance peak (UgL, base line) is given
by the relation Ugp, - Q1pv = ULDVpeaks where Qi pv is the
Q factor and UL pypeak is the maximum oscillation amplitude
at resonance.
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The frequency dependent electrical signal from the can-
tilever Uc(f) is recorded simultaneously with the opti-
cal measurement Uppyv(f). The corresponding cantilever
impedance spectrum (Zrpc(w)) is fitted using a serial RLC
equivalence circuit with series resistance (R), series induc-
tance (L), and series capacitance (C). This is given in Eq. (2),
where only the impedance magnitude is used, as this work re-
lies exclusively on magnitude-based lock-in processing. The
parallel capacitance (Cp) and the parallel resistance (Rp) of
the AIN in Eq. (3) represent the electrical equivalent model of
the AIN integrated on the cantilever. These parasitic compo-
nents are compensated by applying an inverse excitation volt-
age Uy through the unreleased (mechanically inactive) part of
the cantilever. This compensation is indicated in Eq. (4) by
the opposite signs of the corresponding terms. After compen-
sation, only the resonant part of the cantilever remains and
is amplified by the TIA, as shown in Eq. (4). The resulting
Q factor is calculated directly from the series resonance cir-

cuit elements R, L, and C according to Eq. (5) (Manzaneque
etal., 2011).
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3 Results and discussion

Figure 5a shows the cantilever velocity magnitude spectrum
in air (UL pvair) for increasing kg, from O to 20. The maximum
voltage amplitude is decreased by —6.4dBV at maximum
feedback of kg, = 20. Figure 5b shows the excellent agree-
ment between measurement data and the fit of Eq. (1) for
selected values of kg, which correspond to a decrease in Q
from 1014 to 627. The colours correspond to those used in
Fig. 5a: the dashed grey lines represent the fits, and the same
colour and line-style convention is used consistently in the
subsequent figures. Figure 5¢ shows a representative fit for a
feedback factor of kg, = 5.0. The measured data are shown
in red, while the fitted model is marked by the solid grey
line. The 95 % confidence interval of the fit is indicated by
the dashed lines. The close agreement confirms that the cho-
sen model is suitable for determining the quality factor Q.
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Figure 5d presents the residuals of all shown fits. The resid-
uals are centred around zero without systematic trends, and
the maximum deviation remains below 0.3 dBV for all feed-
back values, confirming the good agreement between mea-
surement and model across the entire parameter range.

Figure 6a shows the amplitude of the conductance magni-
tude spectrum in air (Ucyir), where the maximum amplitude
is reduced by —6.1dBV at kg, = 20.0. Figure 6b illustrates
the excellent fit of Eq. (4) to the measurement data, enabling
Q factor determination in the same way as above, which cor-
responds to a decrease in Q from 1036 to 611. Figure 6¢
illustrates a representative fit obtained for a feedback factor
of ki, = 5.0. The measured data (red) are in close agreement
with the fitted model (solid grey line), while the associated
95 % confidence interval is indicated by the dashed lines.
Figure 6d shows the residuals of all fitted curves. The residu-
als are centred around zero and exhibit no systematic trends,
while the maximum deviation remains below 0.15dBV for
all feedback values, confirming the consistent agreement be-
tween measurement and model across the entire parameter
range.

The results for cantilever operation in vacuum are pre-
sented in Fig. 7a. The frequency magnitude spectrum at reso-
nance is narrower compared to operation in air and the Q fac-
tor increases from 1014 in air to 5236 in vacuum. While
increasing kg, from O to 20, the cantilever velocity magni-
tude spectrum in vacuum (Urpyvac) is decreased by about
—11.8dBYV, while the related Q factor obtained by fitting
Eq. (1) to the measured data shown in Fig. 7b is reduced
to 1476. Figure 7c illustrates a representative fit obtained for
a feedback factor of kg, = 5.0, using the same colour coding
and confidence interval representation as introduced previ-
ously. Figure 7d presents the residuals of all fitted curves.
The residuals are centred around zero without systematic
trends, with a maximum deviation below 3 dBV for all feed-
back values. An exception is observed for measurements per-
formed under vacuum conditions, where an increased devia-
tion occurs near the resonance frequency. This behaviour is
discussed in detail in a later section.

The amplitude of the conductance magnitude spectrum in
vacuum (Ucyac) showing a reduction of —12.7dBV with an
increased kg, from O to 20, is presented in Fig. 8a. Com-
pared to the resonance spectrum in air, the Q factor increases
from 1014 to 5320. Figure 8b shows the fitting of Eq. (4)
resulting in a Q factor reduction from 5320 down to 1354.
Figure 8c illustrates a representative fit obtained for a feed-
back factor of kg, = 5.0, using the previously introduced
colour convention. Figure 8d presents the residuals of all fit-
ted curves. The residuals are centred around zero without
systematic trends, with a maximum deviation of about 3 dBV
for all feedback values. For measurements performed under
vacuum conditions, increased deviations are observed near
the resonance frequency; a similar effect is also present in
the electrical measurement path. This behaviour is discussed
in detail in a later section.
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Figure 5. Cantilever oscillation velocity recorded with the LDV in air for different feedback kg, shown as (a) amplitude, (b) Q factor fitting,

(c) exemplary confidence interval plot, and (d) fit residuals plot.

To demonstrate the potential of this electronic Q fac-
tor tuning for AFM applications, the system performance is
characterized by the step-response time (f). From a given
initial state, fgy is defined as the time between the ampli-
tude values 0.9 and 0.1. For this purpose, the silicon sample
surface is placed next to the free end of the cantilever (see
Fig. 3a). Precisely actuated with a macroscopic piezoelectric
element, the distance between the cantilever and the surface
is altered by 1 Hz, which simulates an AFM cantilever scan-
ning a surface topography with a periodic arrangement of
steps. In Fig. 9, the envelope of the oscillation for the normal-
ized value of UL pvair s (Fig. 9a) and Ucyir s (Fig. 9b) in air,
and ULpvvac_s (Fig. 9¢) and Ucyac_s (Fig. 9d) under vacuum
between r = 0s and t = 0.15 s demonstrate the effect of en-
larging kg,. Here, the subscript “s” indicates that the signals
correspond to the step-response measurement. In air, g can
be reduced from 42 to 25 ms (Fig. 9a) when measured with
LDV and from 41 to 9.7ms (Fig. 9b) when the piezoelec-
trically induced current of the cantilever is measured. The
same measurement setup is used under vacuum, where fg is
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reduced from 69 to 18 ms (Fig. 9¢) and from 76 to 7.5 ms
(Fig. 9d).

The potential of the Q factor manipulation in air is shown
in the frequency spectrum acquired by LDV at Fig. 5 and by
the amplified cantilever current at Fig. 6. In Figs. 5b and 6b,
the mechanical oscillation, the electrical signal of the can-
tilever, and the reduction of the Q factor follow the mod-
elling of the mechanical oscillation and the electrical equiv-
alent circuit. The largest Q factor is obtained with feedback
of kf, =0, where the stimulus is not manipulated through
the feedback circuit. Through increasing kg,, which amplifies
the cantilever current and intensifies the manipulation of the
excitation amplitude, depending on the amplified cantilever
current, the resonance curve in Fig. 5a widens, while the peak
height decreases, thus reducing the Q factor. A similar ef-
fect can be seen for the cantilever voltage at Fig. 6a, where
the feedback kg, reduces the maximum amplitude. The dis-
crepancy between electrical and optical measurement origi-
nates from the optical and electrical measurement position.
The optical measurement is taken close to the free end of the
cantilever in contrast to the electrical measurement, which
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Figure 6. Piezoelectric cantilever output voltage in air with increased feedback kg, shown as (a) amplitude, (b) Q factor fitting, (¢) exemplary

confidence interval plot, and (d) fit residuals plot.

is predominantly performed close to the anchor region of
the cantilever. This due to the fact that the largest change
in piezoelectric-induced current is expected in the piezoelec-
tric layer from regions where the largest mechanical stress
occurs.

In Fig. 7a, an unexpected dip close to the resonance
frequency can be seen. The origin becomes clear when
analysing again the feedback circuit with the help of Fig. 8a.
There, the amplified and transformed cantilever current
shows the dip close to the resonance at the larger deflection
as well. To prevent any unsteadiness in the feedback circuit,
the real Uc r is amplified and used for the cantilever stim-
ulation manipulation. No impact was recorded in air, under
vacuum conditions; however, the feedback circuit is affected
and should be avoided in future considerations.

The reduction of the Q factor allows a reduction of zg
when the kg, is increased (see Fig. 9). As stated above, a sig-
nificant reduction in #g¢ through the increase in the feedback
in air (Fig. 9a) and under vacuum (Fig. 9¢) is observed. But
through proportional feedback, the control loop has the ten-
dency to oscillate, which is prevented in air (Fig. 9a) due
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to the damping of the cantilever oscillation but occurs under
vacuum (Fig. 9c¢). For future adaption, a feedback loop with
an integral section will help to maintain the stable control
loop. However, the deviation of the diagrams in air between
Fig. 9a and c, and under vacuum between Fig. 9b and d,
results also from the different measurement principles. The
LDV records the mechanical deflection, while the electri-
cal method records the stimulation signal and the mechan-
ical stress dependent signal. An electronic compensation for
this parasitic influence arising from the stimulation signal is
requested in future circuit considerations.

In Fig. 10a, the black and red lines represent the manipu-
lation of the Q factor under vacuum, and the grey lines indi-
cate when kg, is increased in air. The corresponding response
times are presented in Fig. 10b, where blue lines indicate vac-
uum and grey lines air environment.

In air, the mechanical/electrical determined Q factor is re-
duced by a factor of 1.62/1.69 from 1014/1036 to 627/611,
and the response time is shortened by a factor of 1.68/4.22
from 42 ms/41 ms to 25 ms/9.7 ms. In vacuum, the negligi-
ble air attenuation results in a Q factor increase by a fac-
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Figure 7. Cantilever oscillation velocity recorded with the LDV under vacuum with increased feedback kg, shown as (a) amplitude,
(b) Q factor fitting, (c) exemplary confidence interval plot and (d) fit residuals plot.

tor of 5.16/5.13 from 1014/1035 to 5235/5319. The feed-
back loop reduces the Q factor by a factor of 3.55/3.94
from 5235/5319 to 1476/1351 and lowers response time by
a factor of 3.83/10.13 from 69 ms/76 ms to 18 ms/7.5 ms.
When an exponential change of the envelope of the oscilla-
tion is presumed, the time constant from the amplitude spec-
tra (Tas) Tas = fao (Adams et al., 2016) with fy = 47.85kHz
and Q = 1014 from Fig. 5a can be calculated to 21.2 ms for
the measurements with the LDV. The response time #y¢ can
be reshaped from zg = (In(0.9) —In(0.1)) - Tgrt tO Tt = %,
which results in 19.1 ms which is in good agreement with
the LDV measurement and is stated as exemplary for all
measurements in air. When the cantilever is measured un-
der vacuum, there is a major deviation of 7,3 = 109 ms and
T4+ = 31.4 ms, which can be traced back to the lack of air
damping.

The Q factors and the corresponding reduction factors
between the undamped case and maximum feedback are
presented and compared in Table 1. The reduction factors
range from moderate values of around 2—4 up to values ex-
ceeding 10. Large reduction factors, such as 12 (reported
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by Karvinen and Moheimani, 2014) and 11.8 (reported by
Coskun et al., 2019), are obtained for cantilevers with rela-
tively low initial quality factors (i.e. 276 and 177). In these
cases, high-gain positive position feedback can strongly in-
crease the effective damping. Measurements on a calibration
grating sample (TGZ3) by Karvinen and Moheimani (2014)
show a reduction in the Q factor from 221 to 56, which cor-
responds to a reduction factor of 3.95. Fairbairn et al. (2011)
achieve a reduction factor of 8.38, starting from an initial Q
of 297.6 to 36 through the shunt impedance approach.

More moderate reduction factors include 2.86 reported
by Mahdavi et al. (2020), achieved with an integrated
AIN actuator-sensor stack; and 3.7 by Fairbairn and Mo-
heimani (2012), achieved with an FPAA and a DMASP mi-
crocantilever.

The lower reduction factor observed in air, with values
of 1.69 for Qcair and 1.62 for Q1 ypair, reflects the dominance
of viscous damping, which inherently limits the achievable
relative Q reduction. The clear increase in effective damp-
ing under vacuum conditions, with values of 3.94 for Qcvac
and 3.55 for Qrpvvac, confirms that the proposed feedback

https://doi.org/10.5194/jsss-15-53-2026
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Table 1. Presentation and comparison of Q factors and the corresponding reduction factors between the undamped case and maximum

feedback.

No Max. Reduction

feedback  feedback factor

Q (Karvinen and Moheimani, 2014), no sample 276 23 12
Q (Coskun et al., 2019) 177 15 11.8
Q (Fairbairn et al., 2011) 297.6 355 8.38
Q (Karvinen and Moheimani, 2014), TGZ3 221 56 3.95
Q (Fairbairn and Moheimani, 2012) 185 50 3.7
O (Mahdavi et al., 2020) 312 109 2.86
OCair 1035 611 1.69
O1LVDair 1014 627 1.62
OcCvac 5319 1351 3.94
O1.DVvac 5235 1476 3.55

introduces an electrically tuneable damping mechanism for a
controlled Q factor setting in high-Q resonant systems.

The present approach differs fundamentally from the refer-
enced methods by employing a lock-in-based electrical feed-
back loop using an AIN-integrated cantilever, where only the
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real part of the impedance-related signal is fed back after
compensating parasitic electrical contributions.

The use of two independent measurement principles — the
electrical current through the AIN layer of the cantilever and
the cantilever vibration recorded with the LDV — ensure a
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62 M. Fischeneder et al.: Active @ factor control of MEMS cantilevers by integrated piezoelectric transducers

(a)

ULDVair s [1]

UCair s [1]

t[s]

t[s]

Figure 9. Response of Urpvair s (@) and Ucyir s (b) in air, and of U pyyac s (¢) and Ucyac s (d) under vacuum to a surface step as a

function of different kg, values.

0.081 _'A_ thac ‘
: tLDVvac
0.06 teair
“tovair

o I :
—='0.04+

0.02+

0.00

Figure 10. Vacuum as well as air environment (a) Q factor and (b) response time reduction by a feedback-controlled cantilever oscillation.

robust assessment of measurement errors and repeatability.
The quality factors agree within less than 8.5 %, confirming
that both methods consistently support the results. Represen-
tative fits and residuals show that the model accurately de-
scribes the data, with residuals centred around zero and no
systematic trends.

The LDV, operated with a measurement range of
125mms~' V7!, is capable of resolving displacements
down to 2 nm, even without digital demodulation techniques.
During the measurements, a minimum deflection of approxi-
mately 2.35 nm was observed in vacuum.

However, the feedback works well up to kg, ~ 10-2.5, as
shown in Fig. 9; beyond this range, it tends to oscillate. Jus-
tified by the over-modulation of the excitation voltage, the

J. Sens. Sens. Syst., 15, 53-65, 2026

amplitude spectrum shows a dip at the resonance frequency
and the full dynamic range of the analogue auxiliary output
of the lock-in amplifier cannot be utilized anymore. A devi-
ation between the fitted functions of the electrical equivalent
circuit and the optically captured frequency spectrum points
at the limits of the current real-part feedback.

Regarding the effect of Q factor reduction on the signal-
to-noise ratio (SNR), a decrease in Q inherently leads to
a reduced oscillation amplitude and thus to a lower SNR.
When the cantilever is operated in vacuum, the Q factor in-
creases, resulting in an enhanced SNR. Applying feedback
to actively reduce the Q factor correspondingly lowers the
SNR, effectively restoring it to a level comparable to oper-
ation in air, with an additional contribution from the elec-
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tronic noise of the feedback circuitry. For the development
of a practical measurement system, both the SNR and the
noise spectral density constitute critical parameters and must
be taken into account. However, the primary focus of this
work is the demonstration of the principle, and a detailed
analysis of these aspects is deferred to future studies.
Regarding the influence of the Q factor on the scan-
ning speed, the results reported by Karvinen and Mo-
heimani (2014) serve as a reference. They demonstrated that
reducing the Q factor from 221 to 56 doubled the scanning
speed from 39.1 to 78.2ums™!. In the present work, Q fac-
tor reduction is expected to increase the achievable scan-
ning speed accordingly. In our implementation, the oscilla-
tion shown in Fig. 9 reflects the absence of an advanced con-
troller, and the dip near the resonance frequency in Fig. 7 is
expected to generate artifacts in the scan image. These two is-
sues limit the overall performance of the presented approach.

4 Conclusions and outlook

In this study, a frequency dependent proportional electrical
feedback loop is presented to manipulate the excitation volt-
age for piezoelectric actuated resonantly operated MEMS
cantilevers. In vacuum, the fundamental oscillation mode of
a cantilever increases due to the absence of air damping. This
results in an increased Q factor and a prolonged step re-
sponse. To manipulate the Q factor, a feedback loop with
a variable feedback factor is designed to reduce the step re-
sponse in vacuum. The approach features a lock-in amplifier,
which extracts the real part of the piezoelectrically induced
current. The analogue auxiliary output of the latter quantity is
used to reduce the excitation voltage via an analogue circuit.
A reduction in the Q factor by a factor of 3.94 from initially
5235 (no feedback) to 1476 (maximum feedback) is realized
and verified in vacuum with both LDV and electrical readout
of the cantilever voltage. Simultaneously, the response time
at a surface step decreases from 69 to 18 ms, which is similar
in air. Despite this remarkable Q factor reduction in vacuum,
the feedback is calculated from the real part of the cantilever
voltage, while the frequency of the maximum mechanical vi-
bration amplitude does not overlap with the frequency of the
maximum amplitude. By careful evaluation of the real and
imaginary part of the cantilever voltage, a precise control
circuit could result in an even greater reduction in the Q fac-
tor. However, by simultaneously actuating the cantilever and
measuring its oscillation amplitude, the cantilever’s mechan-
ical oscillation behavior can be tuned, resulting in a reduced
response time for high-speed surface topography characteri-
zation. All in all, it is believed that these results will stimulate
further efforts in this field, thus paving the way for vacuum
applications, like AFM in SEM, with equivalent scanning du-
ration as in air.
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