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ABSTRACT: Fast room-temperature imaging at terahertz (THz)
and subterahertz (sub-THz) frequencies is an interesting technique
that could unleash the full potential of plenty of applications in
security, healthcare, and industrial production. In this Letter, we
introduce micromechanical bolometers based on silicon nitride
trampoline membranes as broad-range detectors down to sub-THz
frequencies. They show, at the longest wavelengths, room-
temperature noise-equivalent powers comparable to those of state-
of-the-art commercial devices (∼100 pW Hz−1/2), which, along with
the good operation speed and the easy, large-scale fabrication
process, could make the trampoline membrane the next candidate
for cheap room-temperature THz imaging and related applications.
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Terahertz (THz) radiation detectors have been developed
for over a century,1 resulting in a large variety of

solutions2−4 devised to suit an even larger range of
applications, including astronomy,5 medical diagnostics,6,7

communications,8 industrial inspection,9−11 and security
scanning of people12 and packages.13 However, broad
exploitation of THz technology is still far from being achieved,
as most of the proposed devices remain at the fundamental
research level, unable to breach the commercialization
barrier.11,14 Nevertheless, several user-friendly cameras14,15

for incoherent detection of THz (0.3−10 THz) and sub-THz
(0.1−0.3 THz) radiation were recently introduced in the
market with a relatively affordable price (a few thousand
dollars). While R&D companies currently represent the
majority of customers, a few of them were actually deployed
in airports as THz body scanners,16,17 where noncontact
security screening of passengers has become increasingly
important. Despite the absence of spectroscopic information,
an intensity-based THz image is in fact sufficient to identify
dangerous items hidden under clothes, paper, or plastic18

without being harmful to human health.19 It therefore seems
that a small market has formed, requiring inexpensive THz
cameras with low-medium resolution (320 × 240 pixels) and
operating at room temperature with video acquisition rate
(30−60 Hz) and possibly with low noise (noise-equivalent
power (NEP) < 100 pW Hz−1/2) in order to also passively
detect human blackbody radiation.20

Among the most frequently adopted solutions for THz
detection in these commercial cameras are microbolometer-
based focal plane arrays (FPAs).21−27 Originally designed for

the infrared range, they were adapted to detect THz radiation
by tuning of the materials and structure of the absorption layer,
addition of an antenna, and adjustment of the size of the
resonant cavity. Such modifications led to impressive improve-
ments in their detection capabilities, resulting in state-of-the-
art low NEP (<10 pW Hz−1/2 and <500 pW Hz−1/2 above and
below 1 THz, respectively15) and demonstrating that uncooled
bolometers can be very competitive in this range. From this
perspective, other bolometric approaches that were successful
in the infrared range could in principle be modified to operate
at lower frequencies.
Therefore, we have focused our attention on an emerging

type of bolometric detector based on microelectromechanical
(MEMS) resonators. In this kind of device, a small suspended
structure (typical size 10−1000 μm) can freely vibrate in air or
vacuum at its own characteristic resonance frequency, which
can be measured by electrical or optical means. The heat
generated by the absorbed radiation induces a thermal
expansion of the vibrating structure, shifting its resonance
frequency. Considering exclusively the infrared spectral range,
several MEMS resonator bolometers have been proposed in
recent years, resulting in a wide assortment of geometries and

Received: August 20, 2021
Published: January 28, 2022

Letterpubs.acs.org/journal/apchd5

© 2022 The Authors. Published by
American Chemical Society

360
https://doi.org/10.1021/acsphotonics.1c01273

ACS Photonics 2022, 9, 360−367

D
ow

nl
oa

de
d 

vi
a 

SC
U

O
L

A
 N

O
R

M
A

L
E

 S
U

PE
R

IO
R

E
 D

I 
PI

SA
 o

n 
Fe

br
ua

ry
 1

6,
 2

02
2 

at
 1

3:
58

:2
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonardo+Vicarelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Tredicucci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Pitanti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.1c01273&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01273?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01273?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01273?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01273?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01273?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/apchd5/9/2?ref=pdf
https://pubs.acs.org/toc/apchd5/9/2?ref=pdf
https://pubs.acs.org/toc/apchd5/9/2?ref=pdf
https://pubs.acs.org/toc/apchd5/9/2?ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsphotonics.1c01273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org/journal/apchd5?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


materials. These include GaN plates suspended by two
tethers,28 Si3N4 drums with a thin-film absorber,29 a Si
torsional resonator with a TiN absorber,30,31 graphene−AlN−
Pt nanoplates,32 SiN phononic crystal membranes,33 and
graphene drum/trampolines.34 To date and limited to our
knowledge, only one work has demonstrated a MEMS
resonator capable of room-temperature bolometric detection
in the THz range.35,36 That device, based on doubly clamped
GaAs beams coated with a 15 nm-thick NiCr THz absorbing
film, exhibited good performance in terms of noise (optical
NEP ≈ 500 pW Hz−1/2) and speed (1 kHz bandwidth) at
room temperature with the aid of a Si hemispherical lens.
Another MEMS approach based on GaAs−Au meta-atom THz
resonators37,38 exploits combined Coulomb/photothermal
detection; the fast device operation achieved (MHz) relies
on radiation source modulation at the mechanical mode
frequency.
In this work, we show the realization of an ultrasensitive

micromechanical resonator bolometer using a Si3N4 trampo-
line with a 35 nm-thick Cr−Au coating, challenging the state of
the art for room-temperature bolometric detectors in the sub-
THz range (140 GHz) with a minimum NEP of ∼100 pW
Hz−1/2 and a detection speed of 40 Hz. Additionally, we
demonstrate broadband bolometric detection covering both
infrared and visible light.
The nontrivial choice of the Si3N4 trampoline as the most

suitable platform for our bolometric detector is the result of an
extensive analysis. The Si3N4 trampoline has excelled in many
ultrasensitive applications, such as electron spin detection,39

position sensors,40 and displacement detectors41,42 with
picometer resolution. In contrast to microstring/plate/beam
MEMS resonators, the size of the trampoline membrane can be
scaled to match the diffraction-limited area at THz frequencies,
thus maximizing radiation absorption. At the same time, the
small width of the tethers minimizes heat losses to the
surrounding Si frame, ensuring the formation of a steep
temperature gradient. Compared with the conceptually similar
graphene trampoline,34 our device performs worse in the
infrared range but offers a much simpler, economical, and well-
established fabrication procedure that can easily be extended to
larger scales for the realization of arrays and possibly
inexpensive multipixel THz cameras.

■ EXPERIMENTAL SETUP

The setup we used to characterize our device is sketched in
Figure 1a. Similar to other MEMS-based bolometric
approaches31,33,37 and Golay cells,43 we performed the readout
of the trampoline vibrational frequency by optical means. We
used a self-mixing (SM) interferometric technique with a near-
infrared laser (945 nm) working as a probe; after emission and
focusing on the trampoline’s surface, the laser is reflected back
into the cavity itself. Fluctuations of the intracavity field
amplitude carry the memory of light interacting with the
environment and therefore can be used to probe tiny
movement of the trampoline. In our setup, this can be done
using a photodiode integrated within the laser cavity to probe
the laser power. The dynamics of SM is well-described through
the Lang−Kobayashi equations,44 which under steady-state
conditions can be reduced to compact expressions for the laser
emission frequency ωSM, the cavity carrier density ns, and the
photon density Ps:
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where ω0 is the laser frequency without feedback, α is the
linewidth enhancement factor, k is a matching constant, Gn is
the modal gain factor, R the carrier injection rate, nth and n0 are
the carrier densities at threshold and transparency, respectively,
and τc, τs, and τext are the cavity round-trip time, the carrier
lifetime, and the feedback time, respectively. The last of these
is the time necessary for the photons to return into the cavity
after emission. A small vibration of the reflecting target
translates into a change in τext, changing the solution of eqs
1−3. In a preliminary characterization experiment, as a target
we employed a fixed mirror mounted on a piezoelectric
actuator and on a motorized stage. Using a lock-in amplifier,
we applied a reference sinusoidal voltage to the piezoelectric
actuator to induce small oscillations (a few tens of nm) of the
mirror along the z axis and then acquired the demodulated SM
signal at different distances (z axis) from the laser itself,
moving the motorized stage. The resulting signal amplitude is
shown as black dots in Figure 1b. The experimental data are in
good agreement with numerical analysis based on the
aforementioned equations, where the parameters used are
compatible with values reported in the literature.41 After
calibration, we replaced the fixed mirror with the Si3N4
trampoline microresonators.
We fabricated and characterized two different membranes

starting from a 300 nm-thick Si3N4 film: the first one (M1) has
a 300 μm × 300 μm central plate and 490 μm × 20 μm tethers,
while the second (M2) has a smaller 200 μm × 200 μm plate

Figure 1. (a) Sketch of the experimental setup. (b) Experimental
(black dots) and numerical (red line) static self-mixing signals. (c)
SEM micrograph of a trampoline membrane (device M2).
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and longer 560 μm × 20 μm tethers. Both membranes were
clamped to a 1 mm × 1 mm square Si supporting frame. A
scanning electron microscopy (SEM) micrograph of device M2
is shown in Figure 1 (c). We metalized both resonators with 5/
30 nm Cr/Au in order to increase the material absorption and
the overall thermal conductivity. More details on the device
fabrication are reported in Methods, and the mechanical,
thermal, and optical properties of the metallic and Si3N4 layers
are given in Tables S1−S3.

■ INFRARED BOLOMETRY
Starting from device M1, we placed the microresonator on a
piezoelectric actuator inside a vacuum chamber with a
transparent window in order to grant light access (visible,
infrared, and THz). We shined the laser light at the trampoline
center and used a sinusoidal voltage as the bias for the piezo
actuator as well as the reference for the lock-in demodulation,
similar to the fixed mirror configuration. When the voltage
frequency was resonant with one of the membrane modes, a
clear signal appeared in the lock-in amplifier, as can be seen in
Figure 2a. The demodulated amplitude has a Lorentzian shape

with a corresponding phase slip of π when crossing the
resonance frequency, located approximately at 80 kHz for this
particular membrane. We identified this mode as the
fundamental drum mode of the mechanical resonator, which
is characterized by a rigid shift of the central plate
perpendicular to the membrane plane. The map shown in
Figure 2d agrees with our observation, showing a constant
demodulated signal across the membrane center with a
decreasing signal running around the tethers. We estimated
the quality factor of this mode to be Q ≈ 900 from best-fit
analysis of the Lorentzian curve.
Interestingly, the resonance peak position depends linearly

on the impinging power of the SM infrared laser. As can be
seen in Figure 2c as well as in the set of curves in panels (a)
and (b), increasing laser power red-shifts the resonance with a
slope of 75 kHz/W, corresponding to a normalized
responsivity of 0.94 W−1 (calculated using the resonance
frequency at zero incident power, f 0 = 80.1 kHz). This is due
to an increase in the device temperature induced by the laser
heating.
In order to explore the dependence of the responsivity on

the trampoline geometry, we repeated the characterization on
device M2. As the beam spot size of the infrared laser is
considerably smaller (36 μm) than the central plate size (200−

300 μm), the amount of absorbed radiation is the same for
both M1 and M2, but the latter has longer tethers, resulting in
a lower thermal conductance and therefore a higher
responsivity. This observation was indeed confirmed by the
measured responsivity of 187 kHz/W for device M2, resulting
in a normalized responsivity of 2.05 W−1 (Figure S1). For this
particular device, we also quantified the contribution of the
Cr/Au layer to the absorption of the infrared light: the
measured responsivity before the Cr/Au layer deposition was
merely 8 kHz/W, approximately 23 times less than the 187
kHz/W value mentioned earlier (see Figure S2). This confirms
the importance of an appropriate choice for the coating of the
Si3N4 structure, which would otherwise be mostly transparent
in this region of the electromagnetic spectrum.46

To better understand the observed responsivity values, we
performed finite element method (FEM) simulations of the
two devices and compared the results (see Methods for details
about the simulation). The simulated infrared responsivities
were 560 and 620 kHz/W for devices M1 and M2,
respectively, in qualitative agreement with the measured
values. The fact that the simulated values are 3 to 7 times
higher than the measured ones could be attributed to small
defects in the actual membrane geometry and uncertainties in
the thin Si3N4 and Cr/Au film empirical parameters, such as
thermal conductivity, intrinsic stress, and thermal expansion
coefficient, which are strongly dependent on the thickness (or
the Si content for Si3N4) and can be very different from the
bulk values.47−50

■ BROADBAND CHARACTERIZATION
After this initial characterization in the infrared range, we
continued exploring the bolometric effect of our thermome-
chanical device using an external illumination source while
keeping the probe laser as weak as possible (1.5 mW, slightly
above the lasing threshold). To show the broadband operation
of our device, we used a green laser diode (563 THz, or 532
nm) and a sub-THz microwave source (0.14 THz). Both
sources were mounted following the scheme of Figure 1a,
employing a parabolic mirror to focus the emission on the
trampoline membrane. Despite the focusing, the spot size of
the sub-THz beam in the detector plane was approximately 7.1
mm × 4.3 mm (see Figure S5), which is significantly larger
than the device. For this reason, the sub-THz responsivities
were calculated using the incident power inside the diffraction-
limited area λ2/4 ≈ 1.15 mm2, which is equal to 0.32 mW. To
be more specific about this choice, we did not use the active
area of the device (0.15 mm2 for device M1, equal to the
surface of the central plane plus tethers) to calculate the
incident power because that is much smaller than the
diffraction-limited area achievable at 0.14 THz. Instead, the
green laser was entirely focused inside the trampoline’s central
plate (spot size = 108 μm; see Figure S6), but its intensity was
reduced with a 2.1 neutral density (ND) filter, resulting in a
total incident power of 0.016 mW.
In order to measure the responsivities corresponding to

these external sources, we modified the detection experiment
to operate in an open-loop configuration, fixing the excitation
frequency of the piezo actuator and monitoring the temper-
ature-induced phase shift of the demodulated signal. As visual
guidance for the reader, this corresponds to the point of
maximum slope in Figure 2b.
The phase responsivities measured on the two membranes,

employing both sources, are reported in Figure 3a. The

Figure 2. Device M1. (a) Demodulated amplitude and (b) phase
when the trampoline resonator was probed at different laser powers.
(c) Shift of the resonant frequency as a function of laser power. (d)
Map of the demodulated amplitude around the membrane center.
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measurements were performed with modulated sources in
order to assess the operational speed of the thermomechanical
bolometers. The maximum values, reached at low modulation
frequencies, are 350 kHz/W (4.4 W−1 normalized) and 140
kHz/W (1.6 W−1 normalized) with the sub-THz source for
membranes M1 and M2, respectively, while the responsivity
for the green laser reaches a maximum at 560 kHz/W (6.2 W−1

normalized) on device M2. The green-laser responsivities of
both devices were also measured at zero modulation frequency
in a similar configuration to the infrared case, tuning the power
of the green laser with ND filters of increasing opacity. The
measured responsivities are 520 and 600 kHz/W for devices
M1 and M2, respectively, in agreement with the values
obtained by looking at the phase variation (the measurements
are reported in Figures S3 and S4). With regard to the
modulation frequency dependence, the two devices show
qualitatively similar trends, with 3 dB cutoff frequencies of
about 40 and 20 Hz for the sub-THz and visible sources,
respectively. The bottleneck here is represented by the thermal
dynamics, which is governed by the dissipation of the
membrane through the tethers. This is also confirmed by the
thermal response frequency of the devices, which is calculated
as the ratio between the thermal conductance of the tethers
and the heat capacity of the central plate and is approximately
equal to 10−20 Hz (see Table S3). By changing the tether
geometry and material composition, one can expect to be able
to increase the dissipation and device operational speed at the
expense of a possible reduction in the responsivity. The
presence of the Cr/Au metallic coating in our devices is

particularly relevant to this end, as it contributes more than
80% of the total thermal conductance (see Table S3). The
slight difference in the results from the two sources
illuminating device M2 can be ascribed to the very different
spot sizes, as described above. In fact, the broad illumination
from the sub-THz source implies that the incident power is
dissipated faster, having a shorter average path to the thermal
heat sink.
Another consequence of the larger illumination area is that

the sub-THz responsivity of device M1 is always higher than
that of device M2, opposite to what we observed with the
infrared laser. Here the straightforward explanation comes
from the larger surface are of device M1 with respect to M2,
implying a higher total absorbed radiation. To be more
specific, the approximate ratio of 2.2 between the areas of the
central plates is compatible with the ratio of 2.5 between the
measured responsivities. Examples of detected signals in the
time domain are reported in Figure 3b,c for device M1
illuminated at 0.14 THz. As can be seen, the detected signal
(blue traces) perfectly reproduces the modulated source input
(orange traces) for 1 Hz modulation; despite the presence of
some deformations at 210 Hz modulation, the detected signal
clearly follows the source dynamics.
We repeated the FEM simulations with the sub-THz source

and obtained responsivities of 200 kHz/W (M1) and 130
kHz/W (M2), close to the measured absolute values but with a
ratio of 1.5, which is smaller than the experimental one. Lastly,
the simulated green-laser responsivity resulted in a much
higher value of 2700 kHz/W (M2) because of the combination
of higher absorption (17%; see Table S2) and more focused
beam.
Comparing the detection configuration used earlier with the

infrared source (i.e., frequency shift) against the one adopted
for external sources (i.e., phase change) shows that the main
advantage of the latter is a much higher detection speed, which
is not limited by the time required to acquire a full frequency
sweep but rather by the physical limit of the device. Moreover,
in the phase detection scheme, the importance of the
microresonator quality factor is particularly evident, since it
both defines the sensitivity and limits the maximum detectable
power, defined by the small range where the phase variation is
linear near the resonance peak. A very high quality factor39 (Q
> 106) would lead to higher sensitivities but would result in a
drawback given by a reduced power operating range. Our
devices, in particular, with a measured Q of ∼900, give a good
compromise between sensitivity and operating range. If we
consider the phase range from −π/3 to π/3 acceptable for
phase detection, it translates approximately into a 150 Hz
frequency-shift range for device M1, corresponding to a
maximum detectable power of 0.43 mW for the sub-THz
source. With the minimum NEP (discussed in the next
section) at a detection speed of 10 Hz, which is on the order of
0.3 nW, this gives a dynamic range of approximately 60 dB. For
higher power, one could still operate the device in the
frequency-shift detection scheme, thus further increasing the
dynamic range.

■ NOISE MEASUREMENTS
To better estimate the thermomechanical bolometer perform-
ances, we considered the noise-equivalent power, which
represents the incident power producing a detected signal-to-
noise ratio of 1. This was obtained by taking the ratio of the
measured spectral noise density and the responsivity reported

Figure 3. (a) Responsivities of the two different membranes as
functions of the modulation frequency for visible (564 THz) and sub-
THz (0.14 THz) radiation. (b, c) Time plots of the phase signal for
membrane M1 illuminated by the 0.14 THz source for modulation
frequencies of 1 and 210 Hz, respectively (blue = signal; orange =
TTL modulation)
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in Figure 3a. Figure 4 shows the NEPs of devices M1 and M2
as functions of the modulation frequency with the 0.14 THz

source. The two devices share a similar trend, but device M1
consistently shows a lower NEP compared with device M2
thanks to its higher responsivity.
In the 7−14 Hz modulation interval, where the curve is

mostly flat, our best device reached a minimum NEP of ∼100
pW Hz−1/2. For detectors operating at room temperature in the
THz and sub-THz ranges, this NEP value is competitive with
those for the state-of-the-art technology, represented by
vanadium oxide microbolometers,21−25 Schottky diodes,51

NMOS detectors,52,53 Dyakonov−Shur plasma wave detec-
tors,54−57 and many other photodetectors based on 2D
crystals.58−62 Below 7 Hz modulation, the NEP rapidly
increases because of a combination of 1/f noise, thermal
drift,63−65 and adsorption−desorption noise.65 Instabilities of
the SM optical readout also contribute to the low-frequency
noise. In fact, air flow and small drifts of the various optical
elements will change the optical path length, inducing
occasional mode hopping in the LD.66 At higher frequencies,
the NEP increases above 14 Hz because of the declining
responsivity, while the noise remains white. On top of this
general trend, several resonance peaks are visible across the
whole spectrum that are related to environmental vibrations.
The NEP was also found to be strongly dependent on the

amplitude of the membrane’s vibration, which can be adjusted
via the sinusoidal driving voltage sent to the piezoelectric
actuator. In particular, the minimum NEP (in the 7−14 Hz
region) is inversely proportional to the driving voltage, as

shown in Figure 4b, and tends to decrease at higher voltages.
This behavior is related to the fact that the SM signal and
therefore the vibration amplitude both increase linearly with
the driving voltage (see Figure S7) while the noise remains
constant. This trend remains valid until the vibration
amplitude saturates and nonlinear effects come into play,
which in our case occurs above the piezo driving voltage of
450 mV.
Interestingly, the piezo drive represents the main source of

power needed to operate the device. Considering a 150 mV
drive, which gives an NEP of ∼200 pW Hz−1/2, a single
thermomechanical bolometer dissipates a power of 225 nW.
This relates well to the possibilities of creating a grid of
resonators that can be used for sub-THz imaging and similar
applications.

■ CONCLUSION AND OUTLOOK

We have shown how Si3N4 trampoline membrane resonators
can be an optimal platform for thermomechanical bolometric
detection at room temperature over a broad frequency range
down to sub-THz frequencies. Direct detection experiments
have shown NEPs comparable with those of state-of-the-art
commercial devices. To increase the device responsivity in the
THz range, absorption could be enhanced by tailoring the
surface of the trampoline resonator with different materials and
geometrical patterns. For example, vanadium oxide meta-
surfaces67 and metal−dielectric−metal structures68 have been
reported to absorb more than 90% of radiation around 1 THz.
The type of absorption layer should, in general, be carefully
evaluated, as it might introduce additional mechanical losses,
which should be minimized to achieve higher quality factors,
thus increasing the detection sensitivity. In order to implement
an array detection scheme based on optical readout, a compact
structure could be devised following the example of Tucker et
al.,69 who illuminated the trampoline from the back side with
the self-mixing laser and from the front side with the THz
beam. Both sides of the trampoline could be easily accessed
with complete etching of the Si substrate by extending the
duration of the KOH etching. Alternatively, an electronic
readout based on a magnetomotive force40 actuator/sensor
could be introduced. These improvements, together with the
simple and well-established fabrication procedures, would pave
the way for large-scale fabrication of arrays of detectors,
making the investigated platform extremely appealing for THz
and sub-THz spatially resolved detection and cameras.

■ METHODS

Sample Fabrication. The trampolines were fabricated
starting from a 300 nm thick, high-stress (∼900 MPa),
stoichiometric LPCVD Si3N4 film grown on top of a 250 μm
thick Si wafer. The trampoline shape was patterned with
optical lithography (DMO MicroWriter ML3), carefully
smoothing all sharp corners to reduce stress at critical points
such as where the tethers are clamped to the Si frame. The
unmasked Si3N4 was removed by a reactive ion etching (RIE)
step with a CF4/H2 gas mixture. Then the trampolines were
released with hot KOH etching solution (30% concentration).
Finally, a 5/30 nm Cr/Au metallic layer was thermally
evaporated on top of the whole device surface.

Experimental Setup. The positions of the various
elements in the setup are shown in Figure 1. The Si chip
containing the Si3N4 membranes was mounted inside a small

Figure 4. (a) NEPs of the two membranes illuminated by the 0.14
THz source as functions of the modulation frequency. (b) Minimum
NEPs as functions of the amplitude of the sinusoidal driving voltage
applied to the piezoelectric actuator.
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vacuum chamber (2 × 10−3 mbar) and sealed with a cyclic
olefin copolymer (COC) window that was transparent to both
visible and THz radiation (87.7% transmission in the infrared
and visible range, 80% in the sub-THz range). The chamber
was actively pumped for the whole duration of the experiment
using a turbomolecular pump, and the pressure was constantly
monitored with a compact cold cathode gauge. The whole
chamber could be moved with step motors in the x−y plane,
orthogonal to the optical beam axis. Inside the chamber, the Si
chip was glued on top of a piezoelectric actuator (used to
excite the membrane vibrations) that was then attached with
double-sided tape to the chamber itself. A Littrow external
cavity diode laser (ECDL) (Toptica model DL100-L, 945 nm
wavelength) was used to sense the membrane displacement via
the self-mixing interferometric technique. The ECDL beam
was focused on the membrane with an objective lens
(Mitutoyo M Plan Apo 10×/0.28, 200 mm focal length).
The output of the photodiode mounted on the back-side facet
of the ECDL, which measured the fluctuations of the laser
intensity due to self-mixing, was sent to a lock-in amplifier
(Zurich Instruments MFLI). The Lorentzian curves shown in
Figure 2a were generated with sequential frequency sweeps of
the sinusoidal voltage sent to the piezoelectric actuator, using
only one channel of the lock-in amplifier.
The radiation generated by the green laser and sub-THz

source was focused on the membrane using an off-axis
parabolic mirror (gold-coated, 2″ focal length). The 0.14
THz beam was generated by a commercially available source
(TeraSense Group) based on an impact ionization avalanche
transit time (IMPATT) diode equipped with a conical horn
antenna. The 564 THz (λ = 532 nm) source was a commercial
green laser pointer attenuated with an additional 2.1 ND filter
in order to keep a lower incident power on the trampoline.
With a calibrated pyrometer, we measured the output powers
of both sources after the reflection in the parabolic mirror and
the COC window, resulting in 10.6 mW for the sub-THz beam
and 2.0 mW for the green laser, the latter of which was reduced
to 0.016 mW after the ND filter. The spot sizes of the infrared
ECDL beam and the green laser were measured with the knife-
edge method, as illustrated in Figure S6. The spot size of the
sub-THz beam was measured by mapping the illuminated area
in the sample plane with the pyrometer, as shown in Figure S5.
In order to measure the responsivity of the membrane

detector as a function of the source modulation frequency, a
mechanical chopper (maximum 200 Hz rotation) and a TTL
signal were used for the green laser and the sub-THz source,
respectively. The responsivity, expressed in degrees per watt,
was measured using two separate lock-in amplifiers (Zurich
Instruments MFLI and Stanford Research SR830) in cascade.
The membrane was excited at a fixed frequency and set at the
middle point between the resonances measured with and
without radiation, and the phase output of the first lock-in
amplifier was sent to a second lock-in amplifier, which used the
chopper or TTL as a reference.
FEM Simulations. We performed the FEM simulations

with COMSOL Multiphysics version 5.5. The 2D trampoline
shape was meshed with a free triangular mesh and then swept
vertically to mesh the 3D structure. The Cr/Au layer was
simulated as a single 35 nm thick Au element. The mechanics
and heating were simulated simultaneously using the “thermal
expansion” multiphysics coupling. The heating due to the
lasers and THz source was simulated with the “Deposited
Beam Power” option using a Gaussian beam profile. A “time-

dependent” study simulated the initial temperature spatial
profile, followed by a “pre-stressed eigenfrequency” study to
extract the frequency of the fundamental drum mode. The
material parameters used in the simulation for Si3N4 and Au
are listed in Tables S1 and S2.
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