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Abstract: Thanks to their large sensitivity to electromag-
netic fields, microelectromechanical systems are becom-
ing attractive for applications in the THz band (0.1–10 THz). 
However, up to date all THz electromechanical systems 
couple electromagnetic fields to mechanical motion only 
through photothermal dissipative forces: such mechanism 
allows for sensitive detection but prevents applications 
that require coherent transfer of information. In this work, 
we present a THz electromechanical meta-atom where 
the coupling between an electromagnetic mode and the 
displacement of a metallic micro-beam is substantially 
controlled by a conservative Coulomb force due to charge 
oscillations in the nanometric-size capacitive part of the 
meta-atom. We present experiments, performed at room 
temperature, which allow distinguishing and precisely 
quantifying the contributions of conservative and dissipa-
tive forces in the operation of our electromechanical reso-
nator. Our analysis shows that the Coulomb force becomes 
the dominant contribution of the total driving force for 
high-order mechanical modes. Such system paves the way 
for the realization of coherent THz to optical transducers 
and allows the realization of fundamental optomechani-
cal systems in the THz frequency range.

Keywords: optomechanics; MEMS; Coulomb force; meta-
materials; THz radiation.

1   Introduction
The interaction of the electromagnetic field with nano-scale 
mechanical resonators has gained considerable interest in 
recent decades [1–3]. Devices that realize such interaction 
are either optomechanical or electromechanical. In the 
first type, photons are trapped in an optical microcavity 
with at least one movable reflective boundary [4]. In the 
second type, the interaction is mediated through the elec-
tric field generated in the capacitive part of an inductor-
capacitor resonant circuit [5]. In both cases, progressive 
miniaturization of mechanical oscillators has allowed 
increasing the sensitivity to the electromagnetic field [3, 
6], enabling applications for infrared and THz detection [7, 
8], chemical and biological sensing [9, 10], and optical and 
microwave signal processing [11, 12]. This increase in sen-
sitivity has also allowed fundamental studies such as the 
exploration of the quantum regime of mechanical motion 
[13, 14] and the ultra-strong light-mechanical coupling 
regime [15]. Among other applications, electromechani-
cal devices are particularly attractive for noise-free band-
to-band converters in quantum communication systems, 
potentially able to transfer quantum states from supercon-
ducting qubits to optical fiber links [16–19]. In the present 
work, we demonstrate an electromagnetic THz meta-atom 
where a nano-mechanical element is reversibly driven by 
the Coulomb force of a THz electric field, even at room tem-
perature. This structure, realizing the fundamental optom-
echanical Hamiltonian [1] in the THz, could become a key 
component in THz to near infrared (NIR), and possibly GHz 
to THz qubit converters [20].

The fundamental optomechanical interaction is 
described as the direct momentum and energy transfer 
between photons and the mechanical oscillator (radiation 
pressure) [21, 22], while in an electromechanical device 
the interaction is driven by Coulomb forces [23]. However, 
since the vast majority of devices are realized on solid-state 
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platforms, dissipative photo-thermal forces have strong 
and even dominant contribution to the overall mechani-
cal response [13]. For this mechanism, the electromagnetic 
field produces a temperature rise in the material that leads 
to thermally induced mechanical stress. A main difference 
between optical/Coulomb and photothermal forces is that 
the latter are fundamentally retarded [13], with a time con-
stant τ corresponding to heat diffusion along the mechani-
cal element, while radiation pressure and Coulomb force act 
instantaneously on the mechanical motion. Photo-thermal 
forces can be exploited to realize very sensitive light detec-
tors [7, 24] as well as for self-oscillation (“lasing”) of mechan-
ical resonators [25, 26]; however, they are unwanted for 
applications that require coherent transfer of information.

In the THz meta-atom described in this work, the fun-
damental electromagnetic resonance of the meta-atom 
is designed to generate a strongly localized electric field 
that pulls a metallic micro-beam (Figure 1). Photother-
mal effects arise due to heat induced by the absorbed 
THz radiation in the substrate supporting our devices. By 

analyzing the phase shift of mechanical oscillations with 
respect to the overall driving force, we are able to make 
a clear distinction between photothermal and Coulomb 
force and quantify the magnitude of the latter. This analy-
sis has been detailed for the fundamental mechanical 
modes of the beam, where Coulomb and photothermal 
effects are on the same order of magnitude. We also show 
that the Coulomb contribution becomes dominant to the 
overall driving force (up to 94%) for the high-order modes 
of the beam, where photothermal effects become too slow 
with respect to the mechanical oscillation period.

2   Methods

2.1   Devices and fabrication procedure

Figure 1A presents the THz meta-atom. Its mechani-
cal part consists of an all metallic doubly-clamped 
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Figure 1: THz optomechanical meta-atom.
(A) Scanning electron micrograph of the double-split-ring resonator (DSR). (B) Measured thermo-mechanical (Brownian) noise power 
spectral density (PSD) of the beam showing the resonances that correspond to first-order flexural modes (dotted curve). The cartoons 
are finite element method (FEM) simulations of the modes. The blue dashed curve is a model based on Ref. [1]; the blue solid line takes 
into account the noise floor of the spectrum analyzer (see Supplementary Material). (C) Top-view scanning electron micrograph image of 
the device. Superposed is a FEM simulation of the electric energy density distribution at resonance. (D) THz time domain spectroscopy 
transmission spectra of 1.5 × 1.5 mm2 arrays of identical devices. Each spectrum is identified by the value of the length Ly defined in panel C. 
The straight black line shows the emission frequency of our THz QCL source.
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beam, in order to avoid the photothermal bilayer effect 
[27], which was dominant in devices developed in an 
earlier work [7]. The beam is combined with a double-
loop split ring (DSR), which has an improved optical 
quality factor thanks to a reduced radiation loss [28]. 
The THz meta-atom was fabricated through standard 
clean-room processing, by depositing a metal pattern 
onto a semi-insulating GaAs substrate. After dry etching 
with inductively coupled plasma, the all-metal doubly-
clamped beam is liberated through sulfuric acid etching 
of the underlying GaAs. In the final device, the beam 
has length L = 24 μm, width w = 250  nm and thickness 
t = 155 nm (where 5 nm is a Pt adhesion layer and the rest 
is Au). The beam stands at a vertical distance h = 600 nm 
from the substrate.

2.2   Mechanical properties

The mechanical modes of the system are probed opti-
cally, by shining a λ = 910  nm laser on the mechanical 
beam and detecting the reflected light on a split pho-
todiode unit connected to a spectrum analyzer (SA). As 
the experiment is conducted at room temperature, clear 
peaks appear on the SA in correspondence of the beam 
mechanical modes, signatures of the thermomechani-
cal noise (Brownian motion) [29]. The noise spectrum is 
shown in Figure 1B (dotted curve). It reveals the funda-
mental out-of-plane (α) and in-plane (β) modes, at fre-
quencies f

α
 = 1.36  MHz, f

β
 = 1.51  MHz, respectively, and 

quality factors Q
α
 = 3500 and Q

β
 = 1150. To reduce viscous 

damping, measurements are performed in a vacuum 
chamber operated at a pressure around 10−1 mbar. Oscil-
lation frequencies are calculated using Euler-Bernoulli 
theory [30, 31], with the addition of a tensile stress [32] 
with a typical value of 30 MPa. The latter is probably due 
to stress relaxation after etching of the GaAs support-
ing pillars. The Brownian motion spectrum is simulated 
using the expression from reference [1] for the thermal 
noise power spectral density (PSD) of a one-dimensional 
mechanical resonator, at room temperature, with a Lor-
entzian contribution for each mechanical resonance 
(dashed curve). The overall calculated PSD shown as a 
solid curve in Figure 1B includes the noise floor of the 
SA. The comparison between the simulated and meas-
ured PSD allows us to calibrate the mechanical read-
out of our system and provides the absolute value of the 
mechanical displacements. The different amplitudes of 
the α and β peaks are due to different detection sensitivi-
ties for out-of-plane and in-plane displacements [7] (see 
Supplementary Material).

2.3   Optical properties

Figure 1C shows a scanning electron micrograph of the 
device superposed with a finite element method simu-
lation of electric energy density of the fundamental 
mode. This figure shows a strong electric energy build-
up in the 250-nm wide gap. This part of the resonator 
acts as a capacitor, where charges of opposite signs 
are induced on both sides of the gap. Further analysis 
detailed in the Supplementary Material shows that the 
electric energy in this region is a fraction (η = 1/10) of the 
total electric energy of the resonance. This is an indi-
cation that the electromagnetic resonance is dominated 
by propagation effects corresponding to surface waves 
that run along the inductive loops [33]. The resonance 
corresponds to a standing wave pattern which creates 
an electric field maximum in the capacitive part. The 
resonant frequency can then be modeled as fTHz = c/(2neff 
p), where c is the speed of light, neff is an effective index 
and p = 2 × (L/2 + Ly) is the perimeter of one loop of the 
DSR, with Ly indicated in Figure 1C. The frequency fTHz 
can therefore be adjusted solely through the length Ly 
while keeping the length L of the mechanical oscilla-
tor identical. Figure 1D shows measured transmission 
spectra of devices with variable values of Ly. The spectra 
were obtained using THz time domain spectroscopy on 
1.5 × 1.5 mm2 arrays of identical devices. For these exper-
iments, the THz pulses are impinging on the arrays from 
the GaAs substrate through a Si hyperhemispherical 
lens (see Supplementary Material). The observed reso-
nance dips are well fitted by Lorentzian lineshapes, with 
central frequencies and quality factors listed in Table 1. 
From these data we extract an average value of neff = 1.55. 
This value applies to all resonators with a maximum 
error of approximately 2% on the resonance frequency 
(Table 1), confirming the standing wave model of the 
DSR resonance. It has also been confirmed by numerical 
modeling of the resonances that provide a value neff = 1.6 
in a frequency range between 1.6 THz and 3 THz (see 
Supplementary Material).

Table 1: Measured central frequency and quality factor and 
estimated central frequency for the THz time domain spectroscopy 
transmission spectra of Figure 1D.

Ly (μm) fTHz (THz) QTHz fTHz (THz) (neff = 1.55)

10 2.21 23 2.19
8 2.46 16 2.41
7.5 2.47 15 2.48
7 2.54 20 2.54
6.5 2.55 22 2.61
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3   Results and discussion

3.1   Mechanical response to THz radiation

The light-mechanical interaction is induced by shining on 
our devices a THz beam generated by a 2.5-THz quantum 
cascade laser (QCL) [34]. The beam impinges on the devices 
through the GaAs substrate and is focused by a hyperhemi-
spherical Si lens, which is the same configuration used to 
obtain the transmission spectra in Figure 1D. The optical 
intensity of the QCL is modulated from 20 kHz to 6 MHz 
in order to explore the mechanical response of the system 
around the lowest order flexural modes. The mechanical 
output is detected by replacing the SA with a fast lock-in 
amplifier locked to the modulation frequency of the QCL. 
This set-up allows recording both amplitude and phase of 
the mechanical response induced by THz radiation. The 
2.5-THz QCL emission line is also indicated in Figure 1D.

As discussed in the Supplementary Material, the QCL-
induced photothermal force arises from the heating of the 
sample substrate and has a typical time constant τ = 0.7 μs 
as estimated both from simulation and experiments. This 
force acts on both α- and β-resonances and is completely 
independent on the DSR resonance. Instead, the QCL-
induced Coulomb force depends on the resonance of our 
meta-atoms, it acts instantaneously on the beam and it 
only drives the horizontal β-resonance. These three prop-
erties allow extracting the contribution of the Coulomb 
force from the overall mechanical response. Using these 
considerations, the complex forced mechanical displace-
ment can be written as follows [13]:

 

22

2 2 2 2

2

2 2

//1( )
1 2 / /

/
/

T

C

f Qf Q
u f A

i f f f if f Q f f if f Q
f Q

A
f f if f Q

β βα α

α α α β β β

β β

β β β

π τ

 
= × + + − + − + 

+
− +

 (1)

Here, the maximum displacement of the α-resonance 
has been set to 1, while the constants AT and AC represent 
respectively the amplitude of the thermal and Coulomb 
contribution to the β-mode displacement. The retardation 
of the photothermal contribution is taken into account 
through the factor (1 + 2πiτf)−1, which depends solely on 
the heat diffusion time τ. In order to disentangle the dif-
ferent contributions from Eq. (1), we need to study both 
the amplitude and the phase of the QCL-induced displace-
ment as a function of the modulation frequency f. In our 
analysis we compare two structures: Ly = 10 μm, for which 
the DSR is out of resonance from the QCL emission (see 
Figure 1D), and Ly = 8 μm, which is nearly resonant. The 

corresponding amplitude and phase scans are shown 
respectively in Figure 2A and B (Ly = 10 μm) and Figure 2C 
and D (Ly = 8 μm). All measurements were taken with an 
incident modulated THz power of 1.36 mW.

The data for the Ly = 10 μm structure (Figure 2A and B, 
gray dots) are well reproduced assuming a purely thermal 
driving force for both modes [AC = 0 in Eq. (1)]. The ampli-
tude and phase (red solid lines) are well accounted for 
through Eq. (1) using the parameter values τ = 0.7 μs, 
f

α
 = 1.049  MHz, Q

α
 = 3300, f

β
 = 1.193  MHz, Q

β
 = 850 and 

AT = 0.015. The behavior of the phase corresponds to what 
is expected for two classical harmonic oscillators: for f < f

α
 

both oscillators are in phase with the drive, while for f > f
β
 

they both have opposite phase. For f
α
 < f < f

β
 the β mode is in 

phase with the drive while the α mode has opposite phase, 
such that the total amplitude goes to zero at 1.17 MHz.

The data from Figure 2C and D (gray dots) are fairly 
different from those in panels A and B. Indeed, now the 
Coulomb force is important because the DSR mode is reso-
nant with the QCL emission frequency. Very good fits for 
both amplitude and phase are obtained using the para-
meters AT = 0.058 and AC = −0.0023 (blue solid line). The 
other parameters are τ = 0.7 μs, f

α
 = 1.358 MHz, Q

α
 = 3500, 

f
β
 = 1.510  MHz, Q

β
 = 1150. To understand the influence of 

the different contributions, we also compare the data with 
fits of Eq. (1) for two different cases: (i) purely thermal 
effects (AC = 0, red dashed line) and (ii) purely instantane-
ous in-plane force (AT = 0, green dotted line). In each case, 
the other parameter AT or AC is adjusted so as to obtain 
the best possible fit on the measured motion amplitude. 
Case (i) (red dashed curve) with AT = 0.072 yields symmet-
ric phase feature around the β-resonance, and predicts a 
zero amplitude at 1.48 MHz, which is not observed in the 
experiment. Case (ii) (green dotted line) with AC = −0.012 
predicts a strongly asymmetric dispersive-type behavior of 
the phase. This behavior can be explained by the absence 
of the retardation factor (1 + 2πiτf)−1 for the Coulomb force. 
In the range of the β-resonance, we have 2πτf

β
 = 6.64, and 

therefore the retardation factor (1 + 2πiτf)−1 ~−i0.15 pro-
vides a quadrature phase difference between the Coulomb 
and the thermal force driving the α-resonance. The i-fac-
tor swaps the real and imaginary part of the mechanical 
response, leading to the dispersive-like behavior of the 
phase that arises from the real part.

When both Coulomb and thermal effects are taken 
into account, the Coulomb contribution introduces 
appreciable asymmetry in the phase feature around the 
β-resonance, in sharp difference with the symmetric feature 
that is expected with thermal force only. The absolute value 
of the thermal effect is 2 1/2/[1 (2 ) ] 0.0087.T TA A f

β
π τ= + =′  

Since the total displacement at f = f
β
 can be expressed as 
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( ) ( ,)C Tu f A iA
β

= − + ′  we deduce that the in-plane driving 
force is 2 2 1/2  / | ( ) | /[ ] 26%C C C TA u f A A A

β
= + =′  electrome-

chanical. Note that the coefficients AT and AC have oppo-
site signs: this signifies that the thermal and Coulomb 
force push the cantilever into opposite directions. This is 
expected, as the Coulomb force is attractive, pulling the 
beam toward the gap, whereas the thermal expansion 
pushes it outward.

3.2   Magnitude of the Coulomb force

Having determined the fraction of the Coulomb force in 
the overall driving force, we can now determine its abso-
lute value. To this end, as shown in Figure 3, we compare 
the spectra recorded on the SA around the β-resonance 
in the presence of QCL radiation (red curve) and with 
the QCL blocked (blue curve). The absolute values on 
the vertical axis are obtained by setting the maximum 

of the Brownian noise spectral density at the value [1] 
3

eff2 /[( ) ] 2.16 pm²/Hzyy BS f k TQ m
β β β

ω= =  (here meff = 6.9 pg 
is the beam effective mass and ω

β
 = 2πf

β
). The QCL modu-

lated at f
β
 produces a delta-like spectral density with an 

integral of 4.2 × 105 pm2. The total THz-induced displace-
ment is then u(f

β
) = 650 pm (these measurements were 

taken on a different Ly = 8 μm structure which showed 
29% Coulomb effect). Therefore the Coulomb-driven 
displacement is yCoul = 187 pm, taking into account the 
phase quadrature between the thermal and Coulomb 
forces. The absolute value of the Coulomb force is then 

2
Coul eff Coul/ 0.09 pN.F m y Q

β
ω= =β  The QCL induces a fre-

quency red-shift of the mechanical resonance owing to 
thermally induced stress [35].

The magnitude of the Coulomb force can be modeled 
by the following equation:
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Figure 2: Mechanical response for structures with various detuning from the incident THz beam. 
(A and B) Amplitude and phase of forced mechanical oscillations of the mechanical beam, for a non-resonant DSR having Ly = 10 μm. Gray 
dots: scan data. Red solid lines: amplitude and phase calculated from the model of Eq. (1) with AC = 0, corresponding to two thermally driven 
modes. (C and D) Amplitude and phase of forced mechanical oscillations of the beam, for a resonant DSR having Ly = 8 μm. Gray dots: scan 
data. Red dashed lines: amplitude and phase calculated from the model of Eq. (1) with AC = 0, corresponding to two thermally driven modes. 
Green dotted lines: amplitude and phase calculated from Eq. (1) with AT = 0, corresponding to a thermally driven α mode and a Coulomb-
driven β mode. Blue solid lines: amplitudes and phase calculated from Eq. (1), corresponding to a thermally driven α mode and a β mode 
which is 26% Coulomb driven.
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Here WeTHz is the electric energy around the gap 
between the cantilever and the rest of the DSR (see Figure 
1C), and eff

gapd  is an effective length which is expressed as 

gap

eff
gap THz1/ ln ./ |e y dd d W dy ==  The energy WeTHz is related to the 

power Pin coupled into the resonator through the formula 
WeTHz = (0.5 η QTHz/ωTHz) Pin, where ωTHz = 2πfTHz and η ~ 1/10 
represents the fraction of the total electric energy of the 
resonator which is stored in the gap. To determine eff

gapd  we 
have simulated the distribution of electric energy WeTHz in 
the gap as a function of the plate separation y (see Supple-
mentary Material). The results of the simulation indicate a 

value of eff
gap 885 nm,d =  which is larger than the real gap of 

250 nm because of fringing field effects [7]. With this value 
we obtain a Coulomb force of 60 fN for Pin = 1 μW of total 
power dropped in the resonator. From the value of the 
Coulomb force that we have estimated from our measure-
ments (FCoul = 0.09 pN), we deduce that the power dropped 
in the resonator is approximately 1.3  μW. This value is 
approximately six times smaller than the value expected 
assuming that the QCL emits a Gaussian beam (Supple-
mentary Material) [36]. This difference can be ascribed to 
the imperfect alignment between the Si lens and the single 
meta-atom structure, as well as scattering on different 
interfaces. Figure 3B summarizes our estimates of the frac-
tion R = AC/{AT/[1 + (2πf

β
 τ)2]1/2} between the Coulomb and 

the thermal contribution to the β-resonance as a function 
of the Coulomb force FCoul for all measured structures. The 
trend is linear as expected; the scattering of the experi-
mental points can be ascribed to the various uncertainties 
commented above. These results show that the Coulomb 
force is at maximum 1/3 of the total mechanical force for 
the first-order in-plane mechanical resonance. An estimate 
of the electric energy WeTHz coupled in the gap following  
Eq. (2) is also provided in the upper horizontal axis.

3.3   Coulomb effect on higher-order 
mechanical modes

To further reduce the photothermal contribution, we 
exploit the intrinsic advantage of the Coulomb force with 
respect to thermal forces: the fact that it acts instantane-
ously on the system. As the amplitude of thermal effects 

scales as 21 / 1 (2 ) ,fπ τ+  they will be suppressed at higher 
frequency, while the Coulomb force will remain constant. 
We therefore expect that the electromechanical effect 
is much stronger on higher-order flexural modes. Since, 
according to our design, the Coulomb force is applied only 
to the middle point of the beam, we expect that second-
order modes, which have a node in that position, have a 
purely thermal response, even for the structures resonant 
with the QCL. This was indeed observed for the DSR with 
Ly = 8 μm, as reported in the Supplementary Material. In 
Figure 4, we report the results for the third-order modes 
of the Ly = 8 μm structure, which maximize the mechani-
cal displacement in the center of the beam. Analysis of 
the Brownian motion of the third-order modes provides 
their frequencies f

α3 = 4.54 MHz, f
β3 = 5.51 MHz and quality 

factors Q
α3 = 2400 and Q

β3 = 2500. Amplitude and phase 
data of forced mechanical motion are reported in Figure 4A 
and B, respectively (gray dots). As for our previous analy-
sis, we provide fits of the data based on Eq. (1). Now, the 
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Figure 3: Estimate of the Coulomb force for the first-order  
mechanical mode. 
(A) SA spectra recorded with (red curve) and without (blue curve) THz 
radiation on the sample, with the QCL modulated at the frequency 
of the mechanical resonance f

β
. The dashed line corresponds to the 

peak noise spectral density Syy(fβ) of the Brownian motion. The 10 kHz 
redshift of f

β
 with the QCL on is due to heating effect. (B) Ratio of the 

Coulomb to thermal effect on the β mode as a function of the Coulomb 
force FCoul, for structures identified by the value of the length Ly (see 
Figure 1C and D). The top x-axis reports the values of the electric energy 
in the gap WeTHz. Blue dots are data and the red line is a linear fit.
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hypothesis of purely thermal forces misses completely the 
experimental data (red dashed line). We observe instead a 
dispersive-like profile of the phase of the β3 mode, almost 
as expected for a purely Coulomb-driven resonance (green 
dotted curve). A more accurate fit is obtained by assuming 
94% Coulomb projection on the overall driving force. This 
reduced value of thermal effects is well accounted for by 
the retardation factor 21 / 1 (2 ) .fπ τ+

3.4   Final remarks

Considering our system from the point of view of the fun-
damental electromechanical Hamiltonian, we estimate 

the vacuum optomechanical coupling as gom = ηωTHzyZPF/
deff = 53 kHz [1] with yZPF = 30 fm the zero-point amplitude 
of the beam modes considered here. In our experiments, 
typically 6 × 103 phonons are excited, which leads to a 
mechanically induced frequency shift of the THz meta-
atom in the order of 0.3 GHz. This value is small compared 
to the THz DSR mode linewidth (~100 GHz). Therefore, 
while our device converts efficiently the THz radiation 
into a mechanical movement, the back-action of the 
mechanical movement on the THz frequency is negligi-
ble. However, improvements to boost the value of gom are 
possible. For instance, three-dimensional THz meta-atom 
architectures allow for almost perfect confinement of the 
electric energy, η ~ 1, in the capacitive parts [37]. While for 
THz meta-atoms typical quality factors are bound on the 
order of QTHz ~ 100, an interesting alternative would be to 
use the mechanical displacement to control the mode cou-
pling in Fano-type systems [8].

4   Conclusions
In conclusion, we have studied the dissipative and reac-
tive forces that couple mechanical movement to THz 
radiation in specially designed THz meta-atoms. We 
have shown that the effect of the Coulomb force, which 
is excited resonantly with the external radiation, can be 
extracted from the non-resonant thermal background 
effects. Furthermore, these forces become dominant for 
high-order mechanical modes, with an oscillation period 
that is much faster than thermal diffusion time in the 
system. Such conservative forces can be exploited for 
band-to-band conversion between THz and other fre-
quency domains, and even for quantum coherent infor-
mation transfer at low temperature, where photothermal 
forces and thermal noise are canceled. Indeed, the THz 
band (0.1–10 THz) is now considered as the next frontier 
for telecommunication links [38]. Advanced applications 
such as quantum secure communications have already 
been envisioned [20]. Therefore, band-to-band efficient 
transducers from the THz range to NIR domain could be 
of paramount interest for future quantum communica-
tion systems. For instance, the mechanical element can 
be shared with the capacitive part of a GHz [5] or radio fre-
quency [39] circuit, or with the reflective part of an optical 
cavity [40]. Finally, combining our device with frequency 
phase-locked loop (PLL) technique [41], we can use the 
instantaneous Coulomb force for THz detector applica-
tions [42], where the detection bandwidth is limited only 
by the PLL circuit.
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Figure 4: Mechanical response for third-order flexural modes.
Cartoons are FEM simulations of the mode shapes. (A and B) 
Amplitude and phase of forced mechanical oscillations. Gray dots: 
experimental data. Scans on the two modes were taken separately, 
setting the phase of the lock-in to zero before each scan. The 
measurement was taken under an incident modulated THz power of 
1.75 mW. Red dashed lines: amplitude and phase calculated from the 
model of Eq. (1) with AC = 0, corresponding to two thermally driven 
modes. Green dotted lines: amplitudes and phase calculated from 
the model of Eq. (1) with AT = 0, corresponding to a thermally driven 
α3 mode and a Coulomb-driven β3 mode. Blue solid lines: amplitudes 
and phase calculated from the model of Eq. (1), corresponding to a 
thermally driven α3 mode and a β3 mode which is 94% Coulomb driven.
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