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Abstract:

Silicon ring-shaped micro-electro-mechanical resonators have been fabricated and used
as probes for dynamic atomic force microscopy (AFM) experiments. They offer
resonance frequency above 10 MHz, which is notably greater than that of usual
cantilevers and quartz-based AFM probes. On-chip electrical actuation and readout of
the tip oscillation are obtained by means of built-in capacitive transducers.
Displacement and force resolutions have been determined from noise analysis at
1.5 fm/VHz and 0.4 pN/VHz, respectively. Despite the high effective stiffness of the
probes, the tip-surface interaction force is kept below 1 nN by using vibration amplitude
significantly below 100 pm and setpoint close to the free vibration conditions. Imaging
capabilities in amplitude- and frequency-modulation AFM modes have been
demonstrated on block copolymer surfaces. Z-spectroscopy experiments revealed that
the tip is vibrating in permanent contact with the viscoelastic material, with a pinned
contact line. Results are compared to those obtained with commercial AFM cantilevers
driven at large amplitudes (>10 nm).

Keywords:
= Atomic force microscopy (AFM)
» Micro electromechanical systems (MEMS)
= Micro electromechanical resonators
= High frequency AFM probe
= Block copolymers

Highlights:
= Silicon MEMS resonators are used as AFM probes above 10 MHz
* Integrated capacitive transducers drive and sense sub-nanometer tip oscillation
= Force resolution is below 1 pN/vHz
= Block copolymer surface is imaged using AM and FM AFM modes
* Probes are operated at small vibration amplitude in permanent viscoelastic
contact
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1. Introduction

Scanning probe microscopy (SPM) has been one of the most important instrumental
discoveries during the last quarter of the last century [1]. In particular, atomic force
microscopy (AFM) is a cross-disciplinary technique able to provide sample morphology
down to the atomic scale [2]. This has been at the origin of, and constantly supports the
development of nano-sciences, information technologies, micro-nanotechnologies and
nano-biology. Dynamic mode AFM has a unique capability of characterizing soft and
biological materials like molecular structures in native-like and functional conditions [3,
4,5, 6]. Interaction forces between the AFM oscillating tip and the sample surface can be
kept in the 10 pN range, ensuring non-damaging observations. Beyond providing
topography images by scanning XY axes, AFM through Z spectroscopy gives access to
advanced analysis of tip-sample interactions and to rheological information like material
elasticity and mechanical dissipation [7, 8, 9]. Increasing the AFM probe resonance
frequency is desirable for such applications. First, it contributes to increase the
measurement bandwidth of the AFM, one of the key parameters for time-resolved
experiments and high-speed imaging, which remains a huge expectation in the field.
Second, it allows the investigation of the dynamic behavior of material viscoelasticity
over an extended frequency range. The mainstream option to achieve this goal consists
in miniaturizing the conventional AFM probe based on the flexural mode cantilever to
raise the resonance frequency. Downscaled cantilevers are now commercially available
resonating in the range 1-5 MHz [10]. During the last decade, they have been employed
successfully in high-speed AFM instruments [11], leading to impressive video rate
images and to direct observations of the dynamic behavior of nano-biological systems
[4,5]. The cantilever technology faces however difficulties to push further the
frequency: the beam size of the laser used for the detection as well as the fabrication of
the tip out of the plane of the cantilever limit its lateral dimensions to a few
micrometers. For these practical considerations, the resonance frequency of AFM
cantilevers is hard to exceed 5 MHz in air. Alternative strategies have been deployed
since the 1990’s to circumvent these limitations. In particular, numerous studies have
been devoted to the integration of self-sensing and self-driving methods thanks to the
progress in micro/nano fabrication and electromechanical transduction schemes.
Integrated detection methods such as capacitive [12], piezoresistive [13] and
piezoelectric [13, 14] sensing schemes have been developed in purpose of overcoming
the constraints of optical detecting method. Despite outstanding results in terms of
resonance frequency up to 100 MHz [15], moderate success among AFM users is
obtained because of the difficulty and the cost of fabrication of such small probes.
Leaving the cantilever concept aside, another paradigm appeared 15 years ago taking
advantage of quartz resonators. AFM probes based on quartz tuning forks [16] and
length-extension resonators [17] with self-driving and self-sensing capabilities have
been developed successfully. Considering that the force resolution that is essential for
the AFM sensitivity does not depend on the stiffness only but also on the resonance
frequency, the quality factor and the resonator stability, it is possible to relax the
constraint on the probe stiffness and thus on the resonator size when increasing the
resonance frequency. Such AFM probes can achieve atomic resolution images and can be
operated at sub-nanometer vibration amplitudes thanks to their high stiffness
preventing the tip from snapping into the surface [17, 18]. A drawback of the current
AFM probe quartz technologies lies in the millimetric dimension of the resonators that
limits the resonance frequency to 1 MHz [19].



In this paper, AFM probes are implemented using micro-electromechanical systems
(MEMS) resonators, which allows raising the probe resonance frequency above 10 MHz.
In-plane vibrating silicon micro-resonators that were primarily developed for electronic
filters or time reference applications [20] are indeed promising candidates for AFM
applications. Integrated capacitive electromechanical transducers bring self-driving and
self-sensing capabilities; resonance frequencies can exceed 100 MHz, enabling large
measurement bandwidth and time-resolved experiments at the microsecond scale or
below; in-plane vibration modes suffer less from damping and energy losses than
flexural modes, and quality factors can exceed 1,000 in air. In the light of the application
of MEMS resonators in the field of surface imaging, the authors previously presented in
2007 the concept of AFM probes taking advantages of the elliptic vibration of a ring-
shaped micromechanical resonator [21, 22]. Further works demonstrated that such
probes are sensitive to mechanical interactions with surface forces [23] and can be
successfully used for AFM imaging [24]. Recent advances in signal processing gave
access to the detection the thermomechanical displacement noise of the probes, paving
the way for exquisite sensitivity and force resolution [25, 26]. In the present study, AFM
results obtained with 13.6 MHz MEMS AFM probes are presented. Firstly, the probes
and the experimental set-up are described. Probes are characterized in terms of short-
and long-term noise, resolution and stability. The results are discussed and operating
conditions for AFM imaging are deduced for these high frequency probes. In a second
part, the probes are used for amplitude-modulation (AM) and frequency-modulation
(FM) AFM imaging modes. Topographic images and force spectroscopy results obtained
with block copolymers surfaces are shown and compared to measurements done with a
commercial equipment and cantilever probes.

2. Material and methods

2.1.Probe description

The MEMS AFM probes exploit the elliptical mode of a single-crystal silicon ring as
shown in Figure 1. The tip is located at one of the maxima of displacement of the ring,
the in-plane vibration of the ring inducing the radial oscillation of the tip [22, 24].
Electrodes are located at the other maxima of displacement, separated from the ring by
an air gap. They act as capacitive electromechanical transducers able to drive and sense
the ring vibration. Consequently, no external actuator nor optical detection unit are
required to use the probe. Four beams anchor the resonator to the substrate. The batch
fabrication of the probes starts from a silicon-on-insulator (SOI) wafer with a 5-pm thick
(100) silicon top layer, a 2-um thick buried oxide layer and a 380-um thick silicon
handle layer. The probe body is first etched using a combination of photolithography
and deep reactive ion etching (DRIE). The capacitive transduction air gap is defined by a
thermally-grown sacrificial oxide layer. Polycrystalline silicon deposition and patterning
are then performed to define the electrodes. Afterwards, the probe in-plane tip is
fabricated using a process similar to the one developed by Ried et al. [27] that can yield
curvature radius at the tip apex lower than 10 nm. Back-end steps consist of
metallization for electrical contacts and backside etching (DRIE) of the probe holder to
leave the tip apex prominent from its support. Finally, the devices are released using
vapor hydrogen fluoride (HF) sacrificial etching of oxide. More details of the fabrication
process can be found elsewhere [28].



The resonance frequency fy and stiffness Ky of the MEMS AFM probe depend on the
material properties and ring dimensions. Previous studies made use of 500-um outer
diameter rings that yielded resonance frequencies close to 1 MHz [24]. In the present
work, a 60-um outer diameter ring allows to reach resonance frequencies greater than
10 MHz. Table 1 summarizes the parameters and dimensions that are used in this study.
Whereas analytical approaches can be used to predict the mode shape and
eigenfrequencies of the in-plane elliptical vibration of a free ring [24, 29, 30], finite
element modeling (FEM) is required here to take into account the effect of the mass and
stiffness added by the tip and the anchors, and to obtain an accurate description of the
MEMS AFM probe vibration. Figure 2 shows FEM modal analysis of the MEMS AFM
probe displacement. It clearly shows the radial displacement of the probe tip. As a
consequence, the probe chip will be mounted vertically in the AFM setup. For the
parameters of Table 1, the resonance frequency f, = 13.893 MHz and the effective
stiffness at the tip location is Kef = 198 KN/m. One can note that the amplitudes of the 4
maxima of vibration of the ring are unbalanced, which is explained by the presence of
the tip that breaks the symmetry of the ring resonator.

Table 1: MEMS AFM probe parameters and dimensions

Parameter Signification Value
Material Device structural material Silicon
Rext Ring outer radius 30 um
Rint Ring inner radius 20 um

t Ring thickness 5 pm

Liip Tip length 15 um
Ociectrode Angular width of the electrodes /4 rad

g Transduction air gap 45 nm

fo Probe resonance frequency (FEM) 13.893 MHz
Q Probe quality factor *

Kegr Probe effective stiffness at the tip location (FEM) 198 kN/m
Wi Modal amplitude at tip location (FEM) 1

Warive Modal amplitude at drive electrode location (FEM)  1.09
Weonse Modal amplitude at sense electrode location (FEM) 1.17

* Quality factor Q cannot be determined by FEM modal analysis. In the following, Q value is
obtained from the experimental measurement of the probe resonance frequency response.
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Figure 1: (a) Optical microscopy image of a MEMS AFM probe. (b) Close view of the tip apex. Color
variations of the surface of the device come from the fabrication process and do not affect the
probe operation.
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Figure 2: Finite element modeling of the MEMS AFM probe showing the elliptical mode shape
under consideration. Resonance frequency is 13.893 MHz. Calculations take into account the
anisotropy of the mechanical properties of silicon.

2.2.Actuation and detection methods

In the following, a lumped description is considered to establish the electromechanical
behavior of the MEMS AFM probe, its tip being chosen as the lumped element. Capacitive
transducers are used to drive and sense the vibration of the MEMS AFM probe.
Actuation is obtained thanks to the electrostatic force induced by a DC + AC voltage
applied to one of the electrodes of the probe. Assuming elliptical ring displacement,
small vibration amplitudes and negligible capacitive fringe effects, the effective driving
force amplitude Farive acting on the resonator can be written as:
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where 0;,ipe = Oelectrode 1S the angular width of the drive electrode, Y 4,11, is the modal
displacement of the ring resonator at the drive electrode location, ¥, is the modal
displacement at the tip location, V4. and Vi are the DC voltage and the time varying
voltage applied to the drive electrode, respectively. 4,1, and ¥, are given in Table 1
and are obtained from the FEM modal analysis presented in Figure 2. They are
introduced in Eq.1 to take into account the displacement asymmetry of the maxima of
vibration of the ring as described in the previous section. For the dimensions given in
Table 1, the effective driving force is typically in the range of 500 nN for Vi = Vac =1 V.

The mechanical vibration is sensed through another electrode of the probe. A common
detection setup for capacitive MEMS devices consists in detecting the current flowing
from the time varying capacitance of the transducer when a voltage is applied to the
electrode. This method has two drawbacks that are detrimental to signal-to-noise ratio
(SNR) and measurement resolution, especially for high frequency devices. First,
capacitive transducers present very high impedances that significantly exceed the 50-
ohm standard [31], leading to poor transduction efficiency and low sensitivity. Second,
input-output capacitive feedthrough generates a parasitic signal floor that may mask the
electromechanical signal. In order to circumvent this issue and to recover optimal
measurement sensitivity, dynamic and SNR, the authors developed a detection method
based on microwave (MW) reflectometry. The setup is schematically shown in Figure 3
and was studied in details elsewhere [25]. Operation principle is based on the reflection
of a GHz incident wave by the probe electromechanical transducer. The reflection
coefficient is modulated in phase by the time varying capacitance ruled by the probe
vibration. The reflected wave is directed through the circulator to the frequency mixer.
Homodyne detection is then performed in quadrature with respect to the reference
wave, which yields the down-converted electromechanical signal. Assuming small
vibration amplitudes, the detection setup generates an output voltage Vsense proportional
to the probe vibration amplitude A given by:

2ZO(J‘)MW €o tRext sin Hsense lpsense
%4 = G+ PywZ A
sense MW=01 4+ (ZoCowmw)? 9* ey

(Equation 2)

where Osonse = erectrode 1S the angular width of the drive electrode, 1,y is the modal
displacement of the ring resonator at the sense electrode location, Pyw and w,,, are the
microwave incident power and angular frequency, respectively, G is the gain of the
microwave readout circuit, including circulator losses, cable losses, mixer conversion
losses, low noise amplifier gain, Cy is the overall capacitance of the transducer port
including parasitic capacitors in parallel, and Zy = 50 Q is the characteristic impedance.
The use of a microwave intermediate frequency allows on the one hand to reject any
direct capacitive crosstalk of the driving signal, and on the other hand to enhance the
sensitivity. Indeed, Eq.2 shows that the microwave frequency can be chosen equal to
wyw = (ZyCy) ™! to maximize the electromechanical efficiency between A and Viense. The
detection circuit is implemented using parts indicated in Figure 2. Measurement
resolution depends in a first approach on the noise of the microwave source that is



reflected by the probe transducer and superimposes to the detection signal. Therefore,
microwave parts of the circuit have to be selected for very low-noise and low-loss
operation. A displacement resolution of 1 fm/vHz was achieved with such a detection
method [26]. Finally, using Eq.1, Eq.2 and the AFM resonator mechanical equation, the
electrical transfer function H(f) of the MEMS AFM probe can be written in harmonic
regime as:

H(f) — Vsense (f)
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Consequently, any mechanical interaction sensed by the probe tip inducing a change in
the probe vibration is translated in a change in the magnitude and phase of the output
signal Viense as for any other AFM system. For the detection setup presented in Figure 3,
Puw = 12.5 dBm, wyy = 3.95GHz, G was estimated to 15.5dB, and the overall
capacitance of the transducer port was determined to Cyp = 0.3 pF.
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Figure 3: Schematic of the microwave detection circuit of the MEMS AFM probe vibration. MW
source: Mini-Circuits ZX95-3997. Amp 1 and Amp 2: amplifiers Mini-Circuits ZX60-4016E. Amp 3:
amplifier Mini-Circuits ZFL-1000LN. Mixer: Mini-Circuits ZMX-7GLHR. Circ.: circulator MTC G151.
Coupler: directional coupler Omni-Spectra 20 dB 2-18 GHz, HPF: Mini-Circuits high-pass filter SHP-
400, LPF: Mini-Circuits low-pass filter SLP-100. Magnitude and phase analyzer: lock-in amplifier
Zurich Instruments HF2LI. The MW source frequency is tuned to optimize the phase delay and
signal demodulation by the mixer.



2.3.AFM setup

The MEMS device was integrated as an AFM head in a specifically designed homemade
AFM microscope shown in Figure 4. The silicon chip supporting the microfabricated
probe was glued on the tip of a V-shaped mini printed circuit board (PCB) with
conductive silver epoxy (CW2400, ITW Chemtronics), and connected by 20 um diameter
gold wires to gold high frequency compatible transmission lines. The PCB was equipped
with two high frequency connectors for MEMS AFM probe excitation and microwave
detection. The probe holder was screwed to a L-shaped aluminum block that was fixed
to a XYZ precision stage (562-XYZ, Newport). The Z-axis displacement was controlled by
a stepper motor actuator (TRA12PPD, Newport) dedicated to surface approach.
Excitation of the MEMS AFM probe and signal acquisition from the microwave detection
circuit were performed by a lock-in amplifier (HF2LI-PLL, Zurich Instruments). The AFM
scanner was a 5 um x 5 um x 5 um Picocube™ piezo scanner (P-363, PI) driven by the E-
536 controller. A commercial AFM controller (RC4, SPECS Nanonis) was used for driving
the instrument, with a Labview-based modular software that allows automatic surface
approach, feedback loop control and image acquisition.

TS

Figure 4: Image of the AFM setup. It enables to mount the MEMS probe vertically with respect to
the sample surface.



3. MEMS AFM probe characterization
3.1.Frequency response

Figure 5 shows the frequency response of the MEMS AFM probe for Vi = 2V and Vi =
40 mVpeak, measured in air and at room temperature using the setup of Figure 3. The
resonance frequency and quality factor are fp=13.592 MHz and Q = 760, respectively.
The lorentzian shape of the resonance peak and the phase rotation close to 180 degrees
confirm that no significant input/output crosstalk is superimposed to the measurement
signal. The slight discrepancy of the resonance frequency in comparison with the FEM
results of Table 1 is attributed to alterations of the probe dimensions during the
fabrication process steps, mainly lithography and etching, and to approximate modeling
of the tip geometry. Some signal variations are noticeable out of the resonance peak.
They are attributed to unexpected out-of-plane displacements of the probe. Magnitude
signal at resonance is Vsense = 500 uVrms, which is consistent with the value that can be
calculated from Eq.3. The linear dependence between Vi and Vense was verified for Ve
ranging from 0 to 100 mVpeak as shown in the inset of Figure 5.
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Figure 5: Frequency response in magnitude and phase of the MEMS AFM probe measured in air and
at room temperature. Actuation voltages are V4 = 2V and V,c = 40 mVyeak. Resonance frequency is
13.592 MHz and quality factor is 760. Inset: Magnitude at the resonance frequency for Voc=2 Vasa
function of the driving voltage V..



3.2.Noise considerations and probe calibration

The spectral response of the MEMS AFM probe is obtained at room temperature
T =295 K for Vac = Vae = 0 V thanks to the fast Fourier transform (FFT) function of the
lock-in amplifier of the measurement setup. The result is displayed in Figure 6. The
resonance of the probe driven by the thermomechanical noise force is clearly visible. A
lorentzian fit allows to extract the resonance frequency fy = 13.593 MHz and the quality
factor Q = 768, which is in good agreement with the values obtained in forced regime in
Figure 5. The 1-kHz shift of the resonance towards the low frequencies observed for
forced oscillations is explained by the spring softening effect caused by the DC voltage
Vac that applies an attractive electrostatic force gradient to the probe resonator.

400a

Power spectral density (V°/Hz)

250a

13.50 13.60 13.70

Frequency (MHz)
Figure 6: Vibrational noise spectrum of the MEMS AFM probe at room temperature without any
driving signal. Data were averaged over 10 000 spectra, resolution bandwidth was set to 14 Hz.
The red solid line corresponds to a lorentzian fit of the data. Resonance frequency is 13.593 MHz
and quality factor is 768 + 9. The sharp peak at 13.565 MHz comes from external parasitic signal
and does not correspond to mechanical information

The spectrum in Figure 6 consists of the superimposition of the electrical noise floor of
the detection setup and of the thermomechanical displacement noise of the probe. It
comes from the lorentzian fit parameters that the noise floor power spectral density

(PSD) is e,zwl-se_ﬂoor =274 + 2 aV?/Hz and the thermomechanical displacement noise
PSD at resonance corresponds to e,ﬁoise_displ = 87 + 2 aV?/Hz. Besides, Eq. 4 gives the

thermomechanical displacement noise PSD at resonance of a resonator [32]:

2kgTQ
a?toise displ = — 7 1
N T foKerr
(Equation 4)
where kg the Boltzmann constant and T the temperature.
Eq.4 yields ajy;se gispr = 740 + 150 x10733 m?/Hz for the probe parameters under

consideration taking into account a 20 % uncertainty for the resonator stiffness Kep.
Indeed, the true value of K¢ may differ from the one predicted by FEM calculations (see
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Table 1) due to the fabrication process steps that may slightly alter the probe in-plane
dimensions and to the uncertainty concerning the thickness of the device material. The
calibration factor C between Vsense and the probe displacement A is then obtained from
Eq. 4 and the results of Figure 6:

2

A Anoise_displ
C=V = |52 =924+ 10 nm/V
sense enoise_displ

(Equation 5)

Finally, considering that the electrical noise floor of the detection setup determines the
measurement resolution, the limit of detection (LOD) in displacement and force are
deduced to be equal to 1.5 fm/vHz and 0.4 pN/vHz, respectively. Table 2 summarizes
the main figures related to noise and resolution of the detection setup and of the MEMS
AFM probe.

Table 2: Noise and measurement resolution of the detection set-up and of the MEMS AFM probe

Parameter Signification Value

€noise_floor Electrical noise floor of the detection setup 16.5 nV/\/Hz
C Calibration factor of the detection setup 92+10 nm/V
LOD gispi Limit of detection in displacement 1.5+0.15 fm/vVHz
LODyyrce Limit of detection in force (for Kerand Q) 0.4 + 0.04 pN/VHz

Thermomechanical displacement noise of the

probe at resonance 0.8620.09 fm/\/HZ

anoise_displ

Froise Thermomechanical force noise of the probe 225+25 fN/VHz

Additionally, some guidelines can be assessed concerning the operating conditions for
AFM experiments. A bandwidth of 1 kHz and a 60-dB SNR are usually desirable values
for the measurement of the probe vibration amplitude. It is calculated from the data of
Table 2 that they are theoretically obtained at the resonance frequency for a vibration

amplitude Ares = \[LODczlispl + a,zwise_displX\/Ex\/BleosNR/zo =77 pmpeakl where BW

is the measurement bandwidth and SNR the signal-to-noise ratio. Such a value is 2
orders of magnitude lower than the amplitude typically used for a standard cantilever,
which is due to a lower thermomechanical displacement noise coming from the much
higher stiffness of the MEMS AFM probe. It is worthwhile to note that quartz crystal AFM
probes are employed in experiments with similar vibration amplitudes [18], leading to
high-quality and high-resolution topographic images.

In the experimental conditions of Figure 5 where Vi = 2V and Vi = 40 mVpeak, the
output signal Viense = 500 puVrms at resonance corresponds to a vibration amplitude of the
MEMS AFM probe tip of Ares = 65 pmpeak. Figure 7 shows the PSD of the MEMS AFM
probe output signal using these driving conditions. The peak of the forced oscillation is
visible above the vibration noise spectrum of the probe. In particular, no extra noise is
added by the driving signal close to the carrier, which foreshadows an optimal SNR for
the following AFM experiments.

11



-80

Power spectral density (dBV ; /Hz)

xxxxx

. . I . .
13.50 13.60 13.70

Frequency (MHz)
Figure 7: Vibrational noise spectrum of the MEMS AFM probe driven at the resonance frequency of

13.592 MHz with V4 = 2V and Vi = 40 mVpear. Data were averaged over 1 000 spectra, resolution
bandwidth was set to 14 Hz.

3.3. Stability study

Besides noise analysis that governs the measurement resolution as discussed in the
previous section, the long-term stability of the probe free vibration signal is essential for
AFM close-loop operation. Indeed, vibration amplitude or natural frequency is used as
the feedback signal in comparison with a setpoint value. Any change of these free
vibration characteristics during close-loop operation leads to a change of the intensity of
the tip-to-surface mechanical interaction as a response of the feedback control. This is
all the more important as the effective stiffness of the MEMS AFM probe is very high: the
ratio between the setpoint and the free vibration value needs to be accurately controlled
to a value slightly less than 1 so as to guarantee gentle mechanical interaction between
the tip and the surface. In such an operating condition, tiny variations of the free
vibration characteristics during imaging can cause an increase in the tip-to-surface
interaction leading to damages to the probe tip apex and sample surface. Sources of
long-term fluctuations of the vibration signal are multiple. A main contribution comes
from the fluctuation of the ambient temperature. Indeed, silicon elastic modulus
decreases with temperature, which is responsible for a temperature coefficient of
frequency (TCF) of the MEMS AFM probe of about -20 to -30 ppm/K typically.
Furthermore, drifts within electronic circuits, including power supplies, signal
synthesizers and amplifiers, also cause fluctuations of the output signal of the MEMS
AFM probe. In order to investigate in details the stability, Allan deviation [33] was
calculated for the magnitude and the natural frequency of the probe vibration when
driven in open-loop condition. Figure 8 shows the results for the magnitude obtained at
the probe resonance frequency with Vi = 2 V and for 3 values of driving voltage V.. For
integration time values t <500 ms, the Allan deviation follows a slope equal to -0.5,
meaning that the fluctuations are ruled by the short-term noise described previously. In
this regime, the relative deviation is inversely proportional to Vi, i.e. to the vibration

12



amplitude. For longer integration time values T, the relative deviation reaches a
minimum and starts to increase, evidencing effects of long-term fluctuations that
degrade the signal stability. The results show that the magnitude, i.e. the free vibration
amplitude, does not fluctuate statistically by more than 10-4 over time periods of a few
tens of seconds, which corresponds to the typical acquisition time of a AFM image. Long-
term fluctuations are not expected to change the tip-to-surface mechanical interaction
intensity during an experiment if the reduction of the vibration amplitude imposed by
the setpoint value is significantly greater than the fluctuations. In practice, a setpoint
value chosen at 99 % of the free vibration amplitude meets the criterion and
demonstrated its ability to yield stable imaging conditions in amplitude-modulation
mode (AM AFM) as shown in the next section.

Allan deviation was calculated as well for the natural frequency of the MEMS AFM probe
for the same driving conditions as in Figure 8. Similar comments as for the vibration
amplitude can be made for the natural frequency fluctuations. Over a time period of a
few tens of seconds, the natural frequency does not fluctuate by more than 10-7.
Consequently, long-term fluctuations are not expected to change the tip-to-surface
mechanical interaction intensity during FM AFM close-loop operation if the frequency
shift imposed by the setpoint value is significantly greater than the fluctuations. In
practice, a frequency shift chosen at about 10-> of the probe resonance frequency meets
the criterion, which corresponds to a typical value of 100 Hz, the resonance frequency of
the MEMS probe being 13.593 MHz.

vV, =2V
- —a—V =10 mV
\. ac
B N —o— Vac= 40 mV
1075 S —a— V=100 mV
1 .\. I\.
Ne Na
- A \. \.
e Na N N
~ N o ]
2 10°- e S
= A\ \. \l
o) AL Ne g
A N N
Na ’~ "~
Na < .\
N J .
Al e a
10 4 A\A\ \°\ \'\.
~ /.
‘\A\A_::x%/l
LR | LR | LR | LR | LR | TorTTTTIT
100y im 10m 100m 1 10 100
T (s)

Figure 8: Allan deviation (relative sigma values) calculated for the magnitude of the MEMS AFM
probe vibration. Data were acquired at a rate of 3 600 Sa/s during 300 s with a signal bandwidth
set at 10 kHz. The vibration amplitude is 16, 65, and 162 pmpeak for Vo = 10, 40, and 100 mVyeak,
respectively.
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4. Imaging performances and discussion

Block copolymers with glassy and liquid blocks at room temperature are often used as
benchmark surfaces to go beyond imaging morphology with the AFM [34]. It has been
shown that topography artifacts easily arise in intermittent-contact mode due to the
variation of mechanical properties at the nanometer scale in these viscoelastic
materials [35]. At sufficiently large vibration amplitude (typically > 10 nm), usually with
cantilevers resonating at frequencies of the order of 100 kHz, the deformation induced
by the oscillating tip on the polymer was found to determine the topography. A lamellar
structure is then observed, ie. an alternation of hills and valleys, corresponding
respectively to hard and soft self-structured domains [34]. Energy dissipation is
modulated as well since the dynamic viscosity varies between the soft and hard polymer
phases. Vibration amplitudes given in the following sections are peak values unless
otherwise stated.

4.1.Imaging in amplitude-modulation mode (AM AFM)

A commercial AFM (FastScan, Bruker) was used as a benchmark system to image the
copolymer surface in amplitude-modulation (AM) mode, also named intermittent-
contact mode or "Tapping" mode. The block copolymer sample under study, poly-
(methyl methacrylate-(n-butyl acrylate)), was identical to the one used in the previous
work by Leclere et al. [34]. As shown below, similar images in height and phase were
obtained with a contrast reflecting the alternation of hard and soft domains. The
numerical images were processed using the free software Gwyddion [36]. Flattening was
performed using "correct line by matching height median"”, and "remove polynomial
background" in the independent degree mode with the maximum degree (=11). The
image contrast was optimized using the "Limit range" tool.

Two types of commercial cantilevers (PPP-NCLR, fo= 150 kHz, and USC-f2-k3, fo= 2 MHz,
from Nanoworld AG) were used which tip radius was small enough (guaranteed < 10 nm
by the manufacturer) to clearly identify the hard domains, appearing as hills in the
height image, and the soft ones. Periodicity of approximately 25 nm can be observed in
Figure 9. The lamellar structure was observed also on the phase. Lowest values of phase
(dark lamellae) in Figure 9 refer to soft domains. High frequency cantilevers USC-f2-k3
gave similar contrast as PPP-NCLR. A similar lamellar periodic structure was observed
using the MEMS AFM probe in AM mode as shown in Figure 10, both on height and
phase. The setpoint was fixed as near to the free vibration amplitude as possible to avoid
applying strong forces on the surface that could damage the sample topography. This
was confirmed by scanning the same area several times without any noticeable changes
in the resulting images.

In AM AFM the contrast is expected to depend on the average tip-sample interaction

: - KerrAo Asp\® .
force defined approximately by the formula: (F;s) = 0 1-— (A—) , with Ke the
0

resonator stiffness, Q the quality factor, Ao the free vibration amplitude, and Asp the
setpoint amplitude [37]. Forces are typically below 1 nN during imaging as calculated in
Table 3. Note that despite the high stiffness of the MEMS probes, the sub-nm free
vibration amplitude Ao combined with the capability to image with a setpoint
Asp=10.99 x Ap allows minimizing peak forces and prevents sample degradation.
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Table 3: Typical average tip-sample interaction force in AM AFM for MEMS AFM probes and two
commercial cantilevers.

Probe type Kefr (N/m) Q Ao (nm) Asp/Ao <Fs> (nN)
MEMS AFM 198x103 760 0.014 0.98 0.36
PPP-NCLR 20 600 20 0.5 0.29
USC-f2-k3 3 250 30 0.5 0.16

Since the average interaction force remains higher with the MEMS AFM probe than with
cantilevers, one would expect to observe a higher lamellar peak-to-peak height,
provided the tip radii were similar. Alternatively, increasing the excitation frequency
may lower the mechanical contrast between hard and soft blocks [38]. Indeed, the peak-
to-peak height was lower when imaged with the MEMS AFM probe than with the
cantilever for a similar interaction force as shown in Figure 10 compared to Figure 9. It
can however be observed that the lateral extension of the white lamellae seems larger
when imaged with MEMS AFM probe (Figure 10 versus Figure 9), which would suggest
that its tip radius is larger than that of cantilevers. Actually this is not the case due to the
specific operation of the MEMS AFM probe that differs from intermittent contact or
“Tapping” mode. This will be detailed in the section 4.3.
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Figure 9: (a) Height and (b) phase recorded in air with the FastScan Bruker and NCLR cantilevers.
Scanarea=1pum x 1 pm. Scan resolution = 512 x 512 pixels. Scan rate = 4 Hz. As; = 10 nm (= 40/ 2).
Fis=0.29 nN.
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Figure 10: Height and phase recorded in air with the MEMS AFM probe. Scan area =1 pm x 1 pm.
Scan resolution = 512 x 512 pixels. Scan rate = 2 Hz. Asp = 13.7 pm (= 0.98 x 4y). Fis= 0.36 nN.

4.2.Imaging in frequency-modulation mode (FM AFM)

FM AFM allows separating straightforwardly conservative forces from dissipative forces.
The Z-feedback is operated on the frequency shift df, measured by the phase-locked loop
(PLL), and thus on the force gradient [39]. All images presented in this article were
acquired with a positive frequency shift setpoint, which corresponds to the repulsive
regime. The Bruker Fastscan AFM was interfaced with SPECS Nanonis OC4 PLL system
via the signal access module to operate in FM mode. A typical image is shown below in
Figure 11 using a PPP-NCLR cantilever.

Similar images (aesthetically speaking) were recorded with the MEMS AFM probe as
illustrated below in Figure 12, although the operating mode is fundamentally different,
as it will be demonstrated by Z-spectroscopy experiments in the next section. According
to the law of mechanics, the frequency shift experienced by the resonator is given by

6f =3 1{ ®— (k:s), where (k.) is the average of the tip-sample force gradient over the
eff
vibration amplitude [40]. Since the vibration amplitude is small for the MEMS AFM

probe, one can assume that (k;s) = k;;(z). This approximation is not valid for large
amplitudes [41]. The dynamic tip-sample force is then simply expressed as:

Fis(z) = kis(z) x Ao. Taking 8f = +200 Hz and Ao = 65 pm, it comes that Fis= 0.38 nN, which
is similar to that of AM AFM.
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Figure 12: Height and drive amplitude recorded in air with the MEMS AFM probe using the FM-AFM
mode. Scan area = 1 pm x 1 um. Scan resolution = 512 x 512 pixels. Scan rate = 1 Hz. Setpoint
O0f=+200 Hz. 49 = 65 pm.

4.3.Z-spectroscopy in FMI-AFM mode

Z-spectroscopy allows going beyond imaging and further in the analysis of the tip-
sample interaction by recording the frequency shift 8f and the relative damping
coefficient (D(Z)/Do - 1), D(Z) being the probe driving voltage, versus Z displacement.
The behavior is strikingly different for the MEMS AFM probe shown in Figure 13 and
NCLR cantilevers shown in Figure 14: while cantilevers exhibit a smooth transition
between an attractive (0f<0) and a repulsive regime (6f> 0), the MEMS AFM probe
experiences an abrupt positive force gradient and dissipation when approaching the
copolymer surface, then a hysteresis during retraction. This is due to the sudden
formation of a polymer meniscus linking the tip to the surface owing to van der Waals
attractive forces. As a consequence, the Z-feedback during imaging with the MEMS AFM
probe at small frequency shift (8f <+500 Hz typically) is operated in contact with a
stretched meniscus, corresponding to the backward branch in Figure 13. This was
confirmed clearly by visualizing the scanner Z displacement during surface approach
and stabilization of the feedback loop. Due to the small amplitude of vibration and to the
pinning of the polymer surface at the tip, the frequency shift is directly proportional to
the contact stiffness and not to the van der Waals force gradient. In contrast to what
occurs with cantilevers operated at large vibration amplitude allowing the tip going in
and out a polymer meniscus when approaching the surface, the attractive regime
characterized by 8f<0 cannot be measured with the MEMS AFM probe at small
amplitude: the soft viscoelastic surface jumps abruptly into contact with the MEMS AFM

18



probe tip and forms a permanent adhesive contact exhibiting a positive stiffness (see
Figure 13). Note that a transient attractive regime should exist during the meniscus
formation but the timescale is too short for it to be detected by our experimental set-up.

The shape of 8f vs Z in Figure 13 is indeed very similar to the contact stiffness S
measured by nano-indentation on viscoelastic samples [42]. Following the analysis of
Greenwood and Johnson on viscoelastic adhesive contact [43], the rigid flat punch
formula for the frequency dependent stiffness S(f) described by Eq. 6 can be used to
extract the reduced modulus E*(f):

S(f) = 2aE*(f)

1 E,
1—1)12_|_1—v22~1—v22
E E,

with
E* =

(Equation 6)

where a is the contact radius, Ei the Young modulus and v; the Poisson ratio of the silicon
tip and the copolymer. S corresponds to (kts) and is calculated from the experimental

frequency shift using §f =

e

radius a =25 nm, estlmated from scanning electron microscopy (SEM) observation of
the MEMS AFM probe tip, and an experimental stiffness S(f) equal to 90 N/m at its
maximum corresponding to a shift frequency of about 2 850 Hz (see Figure 13), Eq. 6
allows estimating that E* = 2 GPa. Such a high value compared to the copolymer static
elastic modulus (*15 MPa) is at first sight in agreement with the fact that elastic
modulus of rubber-like viscoelastic polymers is expected to increase with frequency
[38]. Note that the contact radius a differs from the tip apex radius as it depends on the
meniscus height that is related to the hysteresis in Z between its formation and its
rupture. The meniscus can extend over the apex where the tip radius is larger.
Additionally, only the product of the reduced modulus E* and the contact radius a is
actually extracted from Eq. 6. We consider that a value of contact radius a = 25 nm
leading to E*=2 GPa is consistent with the extension of the hysteresis observed in
Figure 13 and with the SEM observation of the tip shape. We could have accepted
another set of values but a contact radius value a equal to or greater than 50 nm, i.e.
leading to E* < 1 GPa, seemed unrealistic.

For large vibration amplitudes Ao, such as those commonly used with NCLR cantilevers,
when Ao >> d, d being the indentation depth, the frequency shift can be calculated with
the following formula [44]:

fo —
6f(d) 3/2 2\/—E Rtl dz
KerrAo
(Equation 7)

where E" is the reduced modulus as previously defined, and R:j the tip radius. Another
underlying assumption is that the cantilever tip can be approximated by a paraboloid so

that the indentation model developed by Sneddon can be applied [45].

The experimental df versus Z displacement curve in Figure 14 obtained using NCLR
cantilevers is fitted using Eq. 7, which exhibits indeed a parabolic dependence versus Z at

19



least when Z << Ao. An approximate value of the reduced modulus E* =20 MPa is
extracted assuming a cantilever tip radius R:p = 5 nm. This value is not much larger than
the static modulus, which is rather surprising and somehow in contradiction with the
result obtained at high frequency with the MEMS. Even more surprising is that we have
obtained a similar value with the USC-f2-k3 cantilever resonating at 2.3 MHz. We
expected instead a progressive increase of the modulus with the excitation frequency.
We have no clear answer to this observation yet, and more work is needed to extract
quantitative mechanical data from dynamical indentation on soft surfaces.
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Figure 13: Frequency shift and relative damping coefficient (D/Do-1) versus Z with the MEMS AFM
probe on copolymer surface. 4p = 65 pm. The initial regulation setpoint before starting the Z-
spectroscopy experiment was df =+ 200 Hz. The starting point was fixed at 15 nm above the
relative Z = 0 position. The Z piezo is then expanded until 6f reaches + 500 Hz, and retracted back
to the initial point. Sweep time = 10 s. The maximum frequency shift, approx. 3 000 Hz, was used to
calculate the contact stiffness and the reduced modulus (see text).
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Figure 14: Frequency shift and relative damping coefficient (D/Do-1) versus Z with NCLR
cantilevers on copolymer surface. 49 = 30 nm. Sweep time = 10 s. Black curve is the fit using the
Giessibl-Sneddon model (see text).



4.4.Discussion

The first result that has to be appreciated is that soft viscoelastic materials such as block
copolymers can be easily imaged by the MEMS AFM probes in quasi-contact dynamic
mode with small displacement amplitudes in both amplitude- and frequency-
modulation modes. This was not taken for granted initially because of the very high
stiffness of the probes in the 200 kN/m range. Due to the high sensitivity of the
microwave detection set-up and the low thermomechanical displacement noise of the
resonator, the MEMS AFM probe can be driven at very low vibration amplitudes (down
to 10 pm typically), so that the maximum peak force exerted on the sample remains low,
below 1 nN. We are not aware of any other work reporting imaging soft materials with
such high-stiffness probes.

Moreover, the usual modus operandi of AFM in “Tapping” mode with cantilevers cannot
be applied to MEMS AFM probes on viscoelastic materials because of the high probe
stiffness, the low vibration amplitude and the attractive adhesion force. Cantilevers in
air are usually driven in the repulsive regime at large amplitude (> 10 nm) to provide a
clear contrast of mechanical properties on such heterogeneous samples as block
copolymers. The contrast vanishes in the attractive regime. With MEMS AFM probes, the
high stiffness induces a mechanical instability of the polymer surface towards the tip,
leading to the formation of a stretched meniscus (see sketch of Figure 13) stabilized by
the adhesion force. The low vibration amplitude allows the contact line to remain
pinned by tip defects and the regulation operates on the contact stiffness. With the
MEMS AFM probes, images are acquired in this regime without loss of contrast and with
minimum (adhesive) interaction with the surface. The tip-sample interaction can be
modeled by a punch-like viscoelastic oscillating contact, following the analysis of
Greenwood and Johnson. The frequency shift is simply proportional to the contact
stiffness given by Eq. 6. The MEMS AFM appears to be a unique tool to give access to the
high frequency viscoelastic properties at nanometer scale on thin films.

5. Conclusions

In this paper, we have studied the characteristics and capabilities of ring-shaped micro-
resonators for AFM applications. They are batch-fabricated using silicon MEMS
technologies, and the inbuilt silicon tip presents an apex radius around 10 nm. A major
feature of these probes is their resonance frequency, 13.6 MHz in the present study,
which is higher than that of short cantilevers (5 MHz) and quartz-based probes (1 MHz).
They integrate on-chip capacitive transducers for electrical actuation and detection of
the tip oscillation. A dedicated microwave detection set-up allows measuring the
thermomechanical noise displacement of the resonator with a measurement resolution
of 1.5 fm/VHz. Consequently, the signal-to-noise ratio remains high enough to make
AFM images with vibration amplitudes as low as 10 pm. Thanks to this exquisite
displacement sensitivity and to the stability of the probe oscillation over tens of seconds,
the average tip-sample interaction force can be kept below 1 nN during AFM imaging
despite the high effective stiffness of the probe resonator. Such a value is comparable to
what is usually achieved with cantilevers, preventing surface and tip damage. Imaging
capabilities have been demonstrated in both amplitude-modulation and frequency-
modulation modes on block copolymer thin films which present an alternation of soft
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and hard lamellar domains. The MEMS AFM probe straightforwardly resolved the 25-nm
period of the lamellar structure, which demonstrates that the MEMS probe is sensitive
to mechanical properties of the surface. However, Z-spectroscopy experiments reveal
that the interaction regime with the surface is drastically different from that of
intermittent contact or “Tapping” usually obtained with cantilevers in air. In comparison
to cantilevers, the MEMS AFM probe stiffness is higher by 4 to 5 orders of magnitude
and the vibration amplitude smaller by 3 orders of magnitude. This leads to a permanent
adhesion between the tip and the surface due to contact line pinning, and the interaction
regime can be described as a viscoelastic oscillating contact. These MEMS AFM probes
pave the way not only for studies of the high frequency rheological properties of
materials at the nanoscale but also for large-bandwidth and time-resolved AFM
measurements.
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