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Thermoplasmonic Membrane-Based
Infrared Detector

Fei Yi, Hai Zhu, Jason C. Reed, Alexander Y. Zhu, and Ertugrul Cubukcu, Member, IEEE

Abstract— In this letter, we experimentally demonstrate,
by integrating plasmonic nanoantennas, that membrane-based
micromechanical resonators can become infrared (IR) active.
The photo-thermomechanical effect induced by nanoantennas
enables actuation of mechanical structures. Using this hybrid
nanoantenna coupled mechanical device as a thermal IR detector,
we achieved a current responsivity of 12 mA/W corresponding
to a displacement responsivity of 98.7 µm/W and a thermal time
constant of 5.7 ms at a wavelength of 6 µm. This approach can
be extended to any mechanical resonator for new optomechanical
sensing modalities.

Index Terms— Nanoantenna, plasmonic absorber,
nanomechanical resonator, infrared, thermal detector.

I. INTRODUCTION

LOCALIZED surface plasmon modes, originating from the
collective oscillations of the electron plasma in a metal

nanostructure [1]–[4], have been explored for various applica-
tions ranging from biosensors to near-field optical microscopes
and devices [5]–[8]. When excited resonantly, these modes can
localize the freely propagating radiation and produce very high
optical near field intensities while dissipating electromagnetic
energy efficiently as heat due to high optical absorption in
metals. This high optical absorption has led to the demonstra-
tion of absorbers for radiation from THz frequencies to the
visible region [9]–[22]. Thermoplasmonic effects induced by
plasmonic absorbers have enabled the investigation of such
structures as nanoscale heat sources in many applications.
Furthermore by integrating plasmonic absorbers, nanomechan-
ical devices with extremely high mass, force, and displacement
sensitivities can achieve unique functionalities such as thermal
optomechanical infrared detection [23]–[36].

In a previous publication, we theoretically demonstrated that
a nanorod antenna array with an areal coverage of only 2.5%
can be an efficient mid-infrared absorber with 10 times larger
absorption compared to a uniform metal film of the same
thickness [37]. In this letter, we experimentally demonstrate
that the localized optical energy in nanoplasmonic resonators
can be efficiently converted to mechanical energy and actuate
nanomechanical structures for infrared (IR) thermal detector
applications. A schematic of the plasmomechanical device
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Fig. 1. (Color online) A schematic overview of the membrane based
plasmomechanical infrared detector: (a) a plasmonic antenna absorber is
formed by fabricating gold nanorod antennas on a commercial silicon nitride
membrane. (b) The membrane also acts as one of the two reflectors of
a fiber optic interferometer. The optical readout is formed by a 1550 nm
laser (LD), a photodetector (PD), a current to voltage converter (I→V)
and a lock-in amplifier. The infrared power, PIR, is supplied by a 6 μm
laser.

with optical readout is shown in Fig. 1. A gold nanorod
antenna absorber fabricated on a silicon nitride membrane,
a well-known mechanical resonator platform [38], [39], forms
the central part of the device. The resonant wavelength of
the plasmonic antenna absorber is tuned to 6 μm. On res-
onance, the plasmonic antenna absorber efficiently converts
the incoming infrared radiation into thermal energy. Due to
the mismatch between the thermal expansion coefficients of
the silicon nitride membrane and gold nanorods, the increased
temperature caused by IR absorption, in turn, drives the
membrane to mechanically deflect. The mechanical deflection
of the membrane is then read out optically by a fiber-optic
interferometer based on a Fabry–Perot cavity formed by the
backside of the membrane and the end face of a bare fiber [40].
The total reflectivity of the interferometer is highly sensitive
to the distance between the two reflectors [41]. Light from a
1550 nm laser is coupled into the interferometer through
a fiber-optic circulator and the reflected optical power is
converted into signal current by a photodetector. The final
output current IOUT from the detector is related to the input
IR power PIR by:

IOUT = PIR × ηant × ηT/P × ηZ/T × ηFP × ηPD. (1)

Here, ηant is the absorption efficiency of the plasmonic
antenna absorber, ηT/P is the rate of temperature increase per
unit absorbed power, and ηZ/T is the mechanical deflection per
unit temperature increase in units of nm/K. �z = PIR ×ηant ×
ηT/P × ηZ/T is the mechanical deflection of the membrane
caused by the absorbed IR power. ηFP = dPFPr/dz is defined
as the power sensitivity of the fiber-optic interferometer.
ηPD is the quantum efficiency of the photodetector. The
current responsivity of the plasmomechanical infrared detector
is defined as RIR = IOUT/PIR.
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Fig. 2. (Color online) (a) The schematic structure of the unit cell
and the distribution of electric field norm |E| in the near field of the
nanorod antenna. (b) The typical measured optical absorption spectrum of the
nanoantenna absorber, using Fourier Transform Infrared Spectroscopy (FTIR).
The inset shows the scanning electron microscopy image of the nanorod
antennas fabricated on silicon nitride with W = 200 nm, L = 1850 nm,
Px = Py = 3000 nm and t1 = 100 nm and t2 = 25 nm (5 nm of Ti and
20 nm of Au).

II. PLASMONIC NANOANTENNA ABSORBER

In order to determine the absorption coefficient ηant of
the plasmonic antenna absorber, we first studied the resonant
property of the plasmonic antenna absorber on a silicon nitride
membrane using a finite element method [42]. The simulated
structure is a unit cell of the periodic structure as shown in
Fig. 2. The unit cell includes a gold nanorod on the membrane.
px and py are the periods of the gold nanorod array in the
x and y directions, respectively. W and L are the width and
length of the gold nanorod. t1 and t2 are the thicknesses
of the gold and the silicon nitride layers. The four sides of
the unit cell are set to periodic boundaries. The plane wave
excitation of the structure and the detection of the transmitted
and reflected power are realized by two user defined ports
on the top and bottom of the unit cell. The excitation plane
wave is polarized along the length of the rod (E component in
the x direction). The localized optical field distribution near
gold nanorods is shown in Fig. 2(a). Following our previous
theoretical study on nanorod antenna absorbers [37], a peak
absorption ηant of about 48% can be obtained at λ = 6 μm
by tuning the geometric parameters such as the width, length
and thickness of the gold nanorods.

The inset of Fig. 2(b) shows a nanorod antenna, whose para-
meters were optimized from numerical simulations, fabricated
on a 100 nm thick silicon nitride membrane using electron
beam lithography and metal lift-off techniques. We character-
ized the nanorod absorber arrays by using a Fourier Transform
Infrared (FTIR) microscope to verify that the optical resonance
is at λ = 6 μm, as shown in Fig. 2(b).

III. THERMO-MECHANICAL ACTUATION

Having determined the absorption coefficient of the plas-
monic absorber, we then focus on the thermal actuation
of the bilayer structure. Thermo-mechanically driven bilayer
cantilever structures have been used as highly sensitive thermal
detectors [43]. In our device, the nanorod antennas and the
silicon nitride membrane form a bilayer structure which will
deflect under increased temperature. The temperature increase
caused by the nanorod antenna induced photothermal effect at
resonance is first studied numerically using a finite element
method code (the heat transfer module of COMSOL 4.2a).

Fig. 3. (Color online) The thermal and mechanical simulation result of
the nitride membrane - gold nanorod array bilayer structure with side length
L = 500 μm, assuming uniform heat source. (a) The schematic structure
of the thermally actuated bilayer membrane. (b) The steady state temperature
distribution along the center cut line (y = L/2 in (a)) of the bilayer membrane.
(c) The temperature increase at the center point of the bilayer structure
in the time domain. (d) The linear relationship between the mechanical
deflection at the center point of the bilayer structure �z and the area of the
membrane L2.

The initial temperature of the membrane is set to be 300K
and the four edges are assumed to be perfect heat sinks.
The total thermal power absorbed by the membrane is set to
1mW. Bulk material properties of the silicon nitride and the
gold used in the simulation are from [31]. Fig. 3(b) shows
the distribution of the steady state temperature increase �T
along the center cut line of the membrane under uniform
heating. We also compared the numerical simulation result
from COMSOL with the analytical solution of the heat transfer
equation obtained by the Green’s function method and found
perfect agreement [31]. The temperature increase at the center
point of the bilayer structure in the time domain is also shown
in Fig. 3(c). The mechanical deflection of the heated bilayer
structure is studied by coupling the heat transfer module
with the structural mechanics module of COMSOL. The four
edges of the membrane are set to be fixed constraints and
we monitored the thermomechanical deflection at the center
of the bilayer membrane. From Fig. 3(d), we can see that
there is a linear relationship between the mechanical deflection
at the center of the membrane �z and the area of the
membrane L2. At the center point of a membrane with side
length L = 500 μm (L2 = 0.25 mm2) under 1 mW of
uniform heat source, the calculated mechanical deflection
is �z = 264 nm.

IV. MEASUREMENT OF INFRARED RESPONSE

We next experimentally characterize the thermomechanical
response of fabricated membrane devices integrated with the
nanorod absorber shown in Fig. 2(b). The detector is put
in a vacuum chamber pumped down to ∼1× 10−5 mbar.
Fig. 4(a) shows the typical normalized frequency response
of the detectors, measured using a sinusoidally modulated
405 nm laser as the excitation. We note that the nanoantenna
absorption is not resonant at 405 nm, however, gold is
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Fig. 4. (Color online) (a) The measured normalized frequency response of
the infrared detector. (b) The output current as a function of the input infrared
power and the corresponding displacement of the membrane.

absorbing due to bulk interband absorption. The 3 dB cutoff
frequency f3dB is found to be 28 Hz. The time constant τ
is therefore τ = 1/(2π f3dB) = 5.7 ms. The discrepancy
between the measured time constant and the theoretical value
of 1.3 ms indicates that the thermal conductivity of the silicon
nitride membrane is lower than the bulk material values used in
the simulation [44]. To measure the responsivity of the infrared
detector, the output beam of a 6 μm wavelength quantum
cascade laser (Daylight Solutions) was used to actuate the
membrane. The output beam is modulated by an optical
chopper at 10 Hz. The spot size of the beam focused on
the membrane by a lens with a focal length of 50 mm is
estimated to be around 100 μm. The readout signal from
the fiber interferometer is sent to a lock-in amplifier. The
operation frequency of the optical chopper is synchronized
with the lock-in amplifier. Fig. 4(b) shows that there is a linear
relationship between the output current of the photodetector
and the input IR power PIR, in agreement with the theoretical
prediction. From the curve in Fig. 4(b), the experimentally
measured current responsivity is found to be 12 mA/W.
The corresponding displacement responsivity is calculated to
be 98.7 μm/W. The theoretical current responsivity can be
calculated from Eq (1): RIR = ηant ×ηZ/P ×ηFP-I ×ηlock-in =
0.45 × 264 nm/mW × 0.27 μA/nm × 0.45 = 14.4 mA/W.
Here ηZ/P ≡ ηT/P × ηZ/T = 264 nm/mW is the theoretically
calculated mechanical displacement per unit absorbed power
(see Section III). ηFP-I ≡ ηFP × ηPD = 0.27 μA/nm is the
current sensitivity of the fiber interferometer. ηlock-in = 0.45
is a correction factor for using a lock-in amplifier to measure
a square wave generated by the chopper [31]. It can be seen
that the theoretical current responsivity is in good agreement
with the measured value.

V. NOISE PERFORMANCE

To analyze the noise performance of our device, we consider
the fundamental noises from two parts: noises from the mem-
brane, defined as pmembrane and noises from the optical readout
system, defined as preadout. The total noise of the detector �ptotal
is then given by:

ptotal = (pmembrane2 + preadout2)
1/2 (2)

The noises from the membrane pmembrane include the ther-
mal fluctuation noise, the background fluctuation noise, and
the thermomechanical vibration noise [33], [34]. The thermal
fluctuation noise, defined as pth, accounts for the random
fluctuations in temperature due to the statistical nature of the

heat exchange between the bilayer beam and the supporting
silicon frame [34], [35]:

pth = (4kBT 2G)1/2 (3)

Here, kB is the Boltzmann constant and T = 300 K
is the ambient temperature. Under uniform heating, the
effective thermal conductance of the membrane structure
G = 4.35× 10−5 W/K was determined from the solution of
the heat transfer equation leading to pth = 14.7 pW/Hz1/2.
The background fluctuation noise, defined as pRAD, accounts
for the random fluctuations in temperature due to the heat
exchange between the bilayer beam and the environment
through radiation:

pRAD = (16AεσkT 5)1/2 (4)

where A is the area of the membrane structure, ε is
the emissivity (which is assumed to be 1), and σ is the
Stefan–Boltzmann constant. pRAD is found to be
2.8 pW/Hz−1/2. Having determined the values of pth
and pRAD, the noises from the membrane pmembrane can be
calculated as:

pmembrane = (p2
th + p2

RAD)1/2/ηant (5)

The off-resonance vibration noise of the bilayer thin film
beam arising from kBT thermal energy can be calculated as:

zvib = (4kBT/ω0kQ)1/2 = (4kBT/ω3
0mQ)1/2 (6)

where k = mω2
0 is the spring constant, m is the effective

mass of the beam, ω0 is the resonant angular frequency
of the beam, and Q is the quality factor of the reso-
nance. Since the measured mechanical resonance frequency
f0 of the first order mode is 250 kHz and the qual-
ity factor Q ∼7400, the off resonance thermomechani-
cal vibration noise at T = 300K is calculated to be
0.1 fm/Hz1/2. The corresponding noise in terms of equivalent
input IR power is pvib = zvib/ηZ/P = 0.1 fm/Hz1/2/2.64 ×
10−4 m/W = 0.38 pW/Hz1/2. By plugging in the values for
the noises calculated above and the measured absorption of
the nanoantenna ηant = 0.4, pmembrane is calculated to be about
37.4 pW/Hz1/2.

The noises from the optical readout part preadout include
the shot noise of the photodetector, the relative intensity
noise (RIN) of the 1550 nm laser, and the noise from the
current-to-voltage converter. Following the same procedure in
our previous work on thermo-mechanical infrared detectors,
the readout noise equivalent power at the low frequency
limit is calculated to be preadout = 358 pW/Hz1/2 [31]. The
total noise of the detector ptotal is then determined to be
359 pW/Hz1/2. Therefore our device is limited by the noises
from the readout part. For the 1/ f noise and other noises in
the low frequency range, please see the supporting information
for details.

VI. CONCLUSION

We have experimentally demonstrated a membrane based
thermal infrared detector with an integrated plasmonic
absorber. Efficient conversion from optical energy to mechan-
ical energy is achieved by thermo-mechanical actuation of
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a membrane through the dissipated optical energy in the
plasmonic resonances. With an integrated fiber-optic interfer-
ometric readout, a thermal infrared detection responsivity of
12 mA/W (displacement responsivity is 98.7 μm/W) and
a time constant of 5.7 ms are demonstrated at λ = 6 μm.
The working wavelength can be tuned to the near infrared
or terahertz region by modifying the dimensions of the
nanoantenna. This approach enables any mechanical resonator
to be optically responsive for photothermal actuation, which
will be advantageous in hybrid optomechanical infrared
sensors and devices.
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