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Photonic Excitation of a Micromechanical Cantilever in Electrostatic Fields
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We present a specific near-field configuration where an electrostatic force gradient is found to strongly
enhance the optomechanical driving of an atomic force microscope cantilever sensor. It is shown that
incident photons generate a photothermal effect that couples with electrostatic fields even at tip-surface
separations as large as several wavelengths, dominating the cantilever dynamics. The effect is the result of
resonant phenomena where the photothermal-induced parametric driving acts conjointly (or against,
depending on electric field direction) with a photovoltage generation in the cantilever. The results are
achieved experimentally in an atomic force microscope operating in vacuum and explained theoretically
through numerical simulations of the equation of motion of the cantilever. Intrinsic electrostatic effects
arising from the electronic work-function difference of tip and surface are also highlighted. The findings are
readily relevant for other optomicromechanical systems where electrostatic force gradients can be

implemented.
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Surface transient heating is known to generate elastic
waves in mechanical systems [1,2]. Such an effect can be
achieved by a modulated optical pump via photothermal
actuation [3,4]. In fact, resonant coupling of different
mechanical degrees of freedom with light represents a
prerequisite for many optomechanical systems [5,6]. This
includes the excitation of cantilever-based probes in
advanced atomic force microscopy (AFM) techniques
[7-10]. The photothermal effect, dominating over radiation
pressure [11,12], allows for the use of microcantilevers as
sensors in the infrared [13,14] and radio frequency [6]
spectral range, or for optical-induced cooling [15-18].

In addition, photoelectron excitations are known to alter
the surface charge in the space-charge depletion region, via
the surface photovoltage effect [19,20], a phenomenon
particularly relevant in semiconductors [21-25]. Such
effects are in fact expected in any optomechanical system
allowing light absorption and photovoltage generation. As
a result, it may constitute a very efficient driving means for
a mechanical eigenmode if the incident photon beam is
resonantly modulated. A significant electrostatic coupling
with nearby surfaces is hence expected especially in near-
field configurations [26-28].

In the present work, we report on the interplay between
photothermal and photovoltage effects upon optical exci-
tation of a silicon AFM probe. It is first shown that the
photothermal excitation is indeed a very efficient way to
resonantly drive the cantilever. Then, a parabolic control of
the mechanical vibration mode is demonstrated using a
bipolar dc voltage, as can be expected for a capacitorlike
configuration [29]. Finally, it is shown that a slightly
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subresonance modulation frequency of the laser intensity
translates into a strong dc field-sign dependence of the
cantilever dynamics. The numerical analyses reveal that
due to their phase difference, photothermal and photo-
voltage effects add or subtract their action on the cantilever,
depending on the dc field sign. These findings are of
relevance for all AFM techniques that use an optical
excitation of the cantilever sensor, and for the emergent
field of photoinduced force microscopy [30-34], in
particular, as well as for other optomechanical systems
where intrinsic or externally controlled electrostatic fields
and light absorption are involved.

The experimental setup is outlined in Fig. 1. It consists of
a modified atomic force microscope operating in vacuum at
pressures below 107> mbar. The sample is a thin Al layer
sputtered on a glass substrate transmitting 50% of the
incident light. The probe is a Si tip attached to a Si
cantilever. Cantilevers with normal spring constants of the
order of 0.01 N/m are used. The excitation laser is a
continuous green laser. The beam intensity is modulated by
a high-speed electro-optical modulator (EOM) placed
between two crossed polarizers. The polarization of light
did not play any other role in this work.

A power spectra density (PSD) is obtained from 16 s
acquisition time of cantilever position, translating after
averaging in a resolution of 0.44 Hz. The z position is
controlled by the z piezo and measured for each spectrum
with respect to the tip-surface contact. Except for static
deflection curves, the voltage is applied on the probe with
respect to the sample. Note that when the work functions of
the tip and the surface are different (inset of Fig. 1), an
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FIG. 1. Setup used for optical excitation experiments. The
deflection of the cantilever is measured by means of a detection
laser (red beam) and a four-quadrant photodiode (not shown).
The vertical position z of the cantilever holder is controlled by the
AFM microscope piezoscanner. The optical excitation is pro-
vided by a continuous green laser (530 nm), which power is
modulated by an electro-optical modulator. The light intensity
can be monitored with an additional photodiode. The energy
diagram in the inset schematizes an e~ work-function difference
between the tip and the surface. The PSD plot displays an
example of experimental mechanical response for a Af = 6 Hz
modulation detuning.

electrostatic field exists even without an external voltage,
i.e., contact potential difference (CPD) [29].

The exciting laser beam is focused down to 5 um on the
AFM tip, which is roughly half the base of the pyramidal
tip. A tipless geometry without electric fields or photo-
voltage effects was used in Ref. [35]. The EOM modulation
was a sinusoidal shape, periodically changing the laser
power from O to P, which can be up to P, =40 mW.
This is the only modulation used in this work. The
modulation frequency f,, is chosen close to the first normal
bending mode f, of the cantilever. For the uncoated
cantilevers used here, f, falls between 10 and 20 kHz,
depending on the exact cantilever. An example of a PSD is
shown in the inset of Fig. 1, for a modulation frequency
detuned by Af = f,, — fo = 6 Hz with respect to the f
mode (thermal noise peak). The value of P was set to | mW
in order to produce an optical excitation amplitude in the
same range as the thermal noise peak.

Such an optical excitation peak in the mechanical
response of the cantilever demonstrates an optomechanical
coupling with the incident laser. The influence of Af is
shown in Fig. 2(a). The diagram is constructed from 200
PSD spectra taken at different negative and positive Af
values (step: 1 Hz). The optical sidebands, resulting from
optical excitation peaks, have a linear dependence with Af.
In addition, as |Af| increases the optical sidebands inten-
sity decreases, as expected for a driven harmonic oscillator
presenting a finite mechanical resonance linewidth. The
discontinuities of the optical sidebands from Fig. 2(a) have
no real physical meaning, being just the consequence of our

Detuning Af (Hz)

Applied Voltage (V)

FIG. 2. (a) Mechanical response PSD diagram as a function of
laser modulation detuning Af at V = 0, and (b) as a function of
the tip voltage. In (b) the modulation f,, was kept at a fixed value
of 15 Hz below the mechanical mode f, measured at V =0
(optical sideband). The diagrams are constructed by assembling
200 thermal noise spectra in (a) and 120 in (b). Other parameters:
16 s acquisition time, z = 2000 nm. Several (28) resonant spectra
near Af = 0 are not included in (a) as they would saturate the
contrast. Note that the two diagrams do not have the same
frequency interval.

PSD frequency resolution, which is comparable to the
width of the optical excitation peak. This effect is not
relevant in PSD analyses for a fixed f,, as is the case for all
data presented in the following.

A diagram built from PSD spectra acquired at different V
values is shown in Fig. 2(b). The optical excitation
modulation was fixed for V=0 at Af = —15 Hz, i.e,
below the mechanical f, mode frequency. It thus appears as
a horizontal spectral feature in the diagram. As observed,
the applied voltage induces a parabolic shift of the
mechanical mode towards lower frequencies, in agreement
with an attractive electrostatic force scaling with V?
[29,30]. An evaluation of the parabola position in the
diagram from Fig. 2(b) reveals a CPD value of about
—0.4 V. More importantly, Fig. 2(b) gives a strong asym-
metry of the cantilever dynamics for V < 0 as compared to
V > 0. When the mechanical mode f, crosses the optical
excitation frequency, the oscillation amplitude increases for
V > 0, while for V < 0 the f; mechanical mode does not
couple with the optical excitation. In addition, it can be seen
that for V > 0, the oscillation amplitude at f,, i.e.,
intensity of optical sideband, progressively increases even
before the f; mechanical mode reaches the resonance at
around 6 V. At higher voltages, above V =7V, the f
mode also appears perturbed by the optical excitation,
deviating from the parabolic downward shift. Note that the
color coded bar is in log scale, highlighting in red the larger
spectral amplitudes.

To gain additional insights into the optical excitation
asymmetry, we performed measurements of the cantilever
static deflection as a function of V. It is worth noting, that
the parabolic downward shift of the f;, mode observed in
Fig. 2(b) is already a clear indication that there is an
attractive electrostatic force, but the frequency shift does
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FIG. 3. (a) Cantilever deflection (mean bending position) as a

function of substrate voltage for tip-surface distances from 200 to
2000 nm, without laser excitation. Inset is a zoom in the interval
indicated by the accolade, highlighting the CPD. The deflection
asymmetry between the deflection at —10 and +10 V is marked
by Az for the curve measured at z = 200 nm. [(b) and (c)] PSD
traces acquired at a tip voltage of +2.3 and —2.3 V, respectively,
with the same optical excitation. The central peak corresponds to
the thermal-noise peak (f) mode). The narrow peaks correspond
to the optical excitation set here at Af = —18 Hz. There are three
spectra in each graph revealing the reproducibility.

not provide a direct measurement of the cantilever deflec-
tion. This is because the shift of the f; mechanical mode
depends on the gradient of the force. In contrast, the static
deflection of the cantilever is modified by the force itself.

Figure 3(a) shows the static deflection as a function of
the applied voltage for various lifts. To acquire the curves,
the tip was first brought in contact with the surface by using
the feedback loop of the microscope, and then retracted at
specific distance with the feedback turned off. Ramping the
voltage then results in a paraboliclike variation of the
cantilever deflection, which is directly measured with the
four-quadrant photodetector. We performed measurements
every 100 nm over a range going from 200 to 2000 nm.
Below 200 nm the tip is found to jump into contact at the
largest V values.

There are several interesting aspects that can be deduced
from such measurements. First, it can be observed that all
parabolas are not symmetric with respect to V =0, as
evidenced in the inset which highlights the —1.5to +1.5 V
interval. This is a measure of the CPD, which is about 0.4 V
in this case. It is also interesting to see that a CPD translates
in different deflections for negative and positive voltages.
For instance, the curve acquired at 200 nm presents a
maximum deflection asymmetry of 6z ~ 10 nm for £10 V.
The asymmetry decreases with increasing distance, as the
electrostatic force between the tip and the sample is
reduced.

Figures 3(b) and 3(c) show PSD acquired at 2.3 and
—2.3 V, respectively. At this scale the mechanical f, mode
(central wider peak) appears unaffected by the voltage sign,
except for a minor shift of about 1 Hz at +-2.3 V. Despite
the fact that this approaches the f, mode to the optical

excitation peak, it cannot explain the large difference in
amplification factor observed for the optical excitation
peak. An optical excitation response which is almost two
orders of magnitude larger at +2.3 compared to —2.3 V is
observed. Since the cantilever is basically a harmonic
oscillator, there must be an additional effect that explains
this large asymmetry.

Nonlinear effects giving rise to a hysteretic behavior can
be ruled out, since our measurements are not performed by
continuously changing the applied voltage, i.e., a PSD
curve is separated from the previous one by a full approach-
retract of the tip to the surface performed to ensure that the
z distance remains constant. This causes the oscillator to
lose information on its current state and eliminates the
possibility of an amplitude hysteresis cycle. Additionally,
numerical simulations using a Duffing oscillator model
show that in order to have a hysteretic behavior the
nonlinear coefficient () should be very large. This would
strongly affect the shape of the resonance peak, an effect
never observed.

An additional possibility is that the motion of the
cantilever remains that of a harmonic oscillator, but that
changing the applied voltage sign makes the optical
excitation trigger a different driving. This means searching
for an effect which is sensitive to voltage sign. As stated in
the introduction, a laser beam illuminating a semiconductor
surface can give rise to different optomechanical effects.
There is the photothermal effect which is known acting as
an exciting force, but not likely to be sensitive to the voltage
sign. Radiation pressure also acts on the cantilever.
However, the absence of an optical cavity, the low laser
power, the axial illumination of the pyramidal tip, as well as
the low reflectance of silicon, all speak in favor of small
radiation pressure effects. Photophoretic or other radio-
metric forces can also be ruled out since the experiments
were not conducted in air. A photovoltage generation is also
expected for a semiconductor material such as silicon. A
change of the cantilever’s surface potential, due to mobility
difference of electrons and holes, can thus be predicted.
While we expected the effect to be rather small, we found
that a total charge variation of a single e~ is already enough
to explain the occurrence of a significant electrostatic
driving force. In that case, the sign of the applied voltage
plays a critical role since the photovoltage has always the
same sign. As a consequence, the surface charge induced
by the photovoltage effect adds (or subtracts) to charges
brought by the applied voltage. Moreover, the resulting
electrostatic driving force, while having the same overall
amplitude, is not necessarily in phase with the optical
excitation.

Let us now model the cantilever as an harmonic
oscillator subjected to two external driving forces: the first
one caused by the photothermal effect (always in phase
with the laser intensity), and the second one produced by
the charge variation induced by the photovoltage (with a
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phase shift depending on the voltage sign). The equation of
motion is written as

@i + FPT<t) + va(f) + \/zan(t)’

(1)

with z representing the cantilever deflection having as
origin the equilibrium position at V = 0, m.g the effective
mass, k the elastic constant, Q the quality factor, and the
last term describes the effect of the thermal noise. The two
time-dependent force terms represent the photothermal
(Fpr) and the photovoltage (Fpy) excitations, which we
write

Mo = —kz —

Fpr = Fpr,[1 +cos(2zf,,1)] (2)
_ 1 {go+Aq[l +cos(2zf,1)]}>
Frv = g CEPE SN

where H represents the distance between the surface and
the equilibrium position of the cantilever tip. g, is the
charge given by the applied voltage, which varies by
Ag as a function of time due to the photovoltage.
The 1 + cos(2xf,,t) term is used to describe the temporal
behavior of the laser intensity, and we assume for simplicity
that the tip behaves as a point charge.

While the sign of Ag is given by the semiconductor band
distribution [20,36], the sign of g, depends on the polarity
of the applied voltage. Thus, the maxima of Fpy can either
correspond to the maxima or minima of the laser intensity.
Conversely, the maxima of Fpr only depend on the laser
intensity and is thus always in phase with it. The conse-
quence is that the two driving forces can interfere
constructively for one applied voltage sign and destruc-
tively for the opposite sign.

The relation providing g, as a function of voltage was
obtained by fitting the experimental deflection curves
[Fig. 3(a)]. The values of Fpr, and Ag are obtained by
matching the height of the experimental excitation peak at
V = 0 (negligible effect of Fpy).

Figures 4(a) and 4(b) show two calculated PSD diagrams
computed for two different sets of Fpy, and Ag values. A
clear asymmetric optical excitation is seen in both cases, in
good agreement with the experiments. The stronger asym-
metry in Fig. 4(b) is due to a larger Ag value (Table I). To
further compare simulated and experimental mechanical
responses, we show in Figs. 4(c) and 4(d) examples of PSD
curves. The broader peaks are thermal noise features of the
mechanical f;, mode, which frequency position change
because of the electrostatic force, i.e., applied voltage. The
fo mode frequency coincides with the optical excitation
frequency f,, at zero (red curves). The lower number of
data points in the simulated time series results in a higher
noise compared to the experimental case [37]. There is
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FIG. 4. (a)and (b) Diagrams obtained by computing the Fourier
spectrum of the cantilever position versus time for various
electrostatic force values, i.e., applied voltages. The difference
between (a) and (b) is a slightly larger photovoltage-induced
charge variation Aq in (b) (see Table 1). (¢) and (d) Calculated
and experimental PSD, respectively, for three applied voltages,
shifting the mechanical mode f, from supraresonance (gray
curves) to subresonance (blue curves). The resonant case is in red.
Voltages in (c): 5 (gray), 9 (red), and 12 V (blue). Voltages in (d):
2 (gray), 6 (red), and 11 V (blue). In Table I are the other
parameters used for simulations.

nevertheless a good agreement between calculated and
experimental curves.

In summary, we evidenced a combined optomechanical
mechanism relevant for optically driven micromechanical
systems subjected to electrostatic force gradients. We found
that in this configuration, the electrostatic field can be
modified by the carrier dynamics within the cantilever. This
gives rise to an excitation mechanism which relies on the
interplay between photothermal actuation and photovoltage
generation, being relevant in the presence of a modulated
light absorption occurring at a frequency close to a resonant
mechanical mode. As both phenomena depend on light

TABLE I. Parameters used for numerical simulations of Fig 4.
k 0.015 N/m

fo 13000 Hz

0 2500 e

H 2000 nm

C 1.35 x1071° N?

fm fO =75 Hz

90 200 e |V

Fpr, 0.09 (a) 3.6 (b) pN
Ag 0.5 (a) 15 (b) e
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absorption, they can represent a useful means for control-
ling the dynamics of micromechanical oscillators, particu-
larly in near-field configurations. These findings can be of
importance in any situation where light absorption and
electric fields are applied to a micromechanical system.
Specifically, our results provide a fresh insight into vibra-
tion properties of optically driven atomic force microscopy
probes, and may give a new thrust to detection sensibility of
various atomic force microscopy techniques.
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