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ABSTRACT 

Bolometers are detectors of electromagnetic radiation that usually convert the radiation-induced 

change of temperature of the detector into electric signals. Temperature-dependent electrical 

resistance in semiconductors and superconductors, the thermoelectric effect in thermocouples and 

the pyroelectric effect of transient electric polarization of certain materials when they are heated or 

cooled are among the underlying physical phenomena used in bolometers. Here, we report that the 

dependence of the fundamental frequency of a nanowire string detected via scattering of light on the 

string can be used in a bolometer. Arrays of such nanowires can serve as detectors with high spatial 

and temporal resolution. We demonstrate a bolometer with 400 nm spatial resolution, 2-3 μs thermal 

response time and optical power detection noise floor at 3-5 nW/Hz1/2 at room temperature.  

 

I. INTRODUCTION 

Bolometers detect radiation by measuring temperature increases due to radiation absorption, a 
principle that is applicable across the electromagnetic spectrum and that permits uncooled detection 
even of infrared and lower energy radiation. They consist of an absorber and a temperature sensor 
that are thermally insulated from their surroundings. The radiation-induced temperature change is 
normally detected electrically as change of electrical resistance,1,2 through the thermoelectric Seebeck 
effect3 or through the pyroelectric effect.4 Strong temperature-dependence of mechanical resonances 
of micro- and nanostructures5-12 has also been exploited to realize nanomechanical bolometers with 
electromechanical readout,13-16 while metamaterials have attracted interest as bolometer absorbers 
with engineered polarization and spectral response.17-22 Here we combine nanomechanics and 
metamaterials to demonstrate a mechanical metamaterial nanobolometer, where radiation 
absorption is controlled by metamaterial design and read optically through light modulation caused 
by mechanical motion. It exploits the fundamental Brownian motion of nanomechanical oscillators as 
a signature of temperature. The nanobolometer consists of coupled optical resonators supported by 
mechanical resonators, which transduce natural sub-nanometre thermal vibrations to fluctuations of 
scattered light. The latter reveal the structure’s MHz mechanical resonance frequencies that change 
proportionally to the incident optical power. Our proof-of-principle experiments demonstrate non-
contact optical readout with 400 nm spatial resolution, 2-3 μs thermal time constants and nanowatt 
detectable power based on 2-3%/μW  resonance frequency shift per unit of incident optical power 
(responsivity) with 3-5 nW/Hz1/2 noise equivalent power in an opto-mechanical metamaterial 
nanobolometer of only 100 nm thickness. Advantages of our optically-read nanobolometer over prior 
microbolometer arrays include smaller sensing elements with more than an order of magnitude higher 
spatial resolution and a two orders of magnitude shorter thermal time constant. 



 

Fig. 1 Operating principle of an opto-mechanical nanowire bolometer. The bolometer is constructed as array of nanowires. 
The incident light is partially absorbed by a nanowire (1), its temperature rises (2) and tensile stress along the nanowire is 
reduced due to thermal expansion (3). The nanowire’s mechanical resonance frequency decreases (4). Thermal vibration of 
the nanowire reveals its resonance frequency through modulation of the scattered light (5) and the frequency variation is 
used to measure the incident optical power (6).  

II. CONCEPT AND THEORY 

The nanobolometer is based on freestanding nanowires under tensile stress (Fig. 1). Absorption of 
light by a nanowire increases its temperature, resulting in a stress reduction due to thermal expansion. 
As in musical strings, lower stress shifts the mechanical resonance of the nanowire to lower 
frequencies. The natural thermal vibration of the nanowire causes light modulation that reveals its 
resonance frequency. The incident optical power is determined from the change of the nanowire’s 
resonance frequency. 

According to Euler-Bernoulli beam theory,23,24 the fundamental resonant frequency 𝑓0 of a doubly 
clamped nanowire beam (Fig. 1) in the thickness direction, is given by  
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where, 𝑡 is the thickness, 𝐿 the length, 𝐸 the Young’s modulus, 𝜌 the density of the material, and 𝜎 
the tensile stress along the nanowire length. Illumination of the structure leads to optical heating due 
to absorption, resulting in an average temperature change ∆𝑇 of the nanowire. The resulting thermal 
expansion modifies the nanowire’s internal stress  

𝜎 = 𝜎0 − 𝛼𝐸∆𝑇                      (2) 

where 𝜎0 is the initial stress in the nanowire and 𝛼 is the nanowire’s thermal expansion coefficient. 
This causes a shift 𝛥𝑓 = 𝑓0(𝜎) − 𝑓0(𝜎0) of the resonance frequency. For small temperature changes, 
the relative frequency shift is proportional to the temperature change,  
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where 𝛽 is the linear temperature coefficient of the resonance frequency. The temperature increase 
∆𝑇 = 𝑃𝐴(𝜆)𝑅th of the nanowire is determined by the radiation power incident on the nanowire 𝑃, 
the absorption 𝐴(𝜆)  at the wavelength 𝜆  of the incident radiation and the structure’s thermal 
resistance 𝑅th . Therefore, the optical power incident on the nanowire can be measured by 
determining the frequency shift of its fundamental mechanical resonance. Negelecting higher order 
terms, the radiation power incident on the nanowire is proportional to its resonance frequency shift 
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Combination of such nanowires with optically resonant elements results in a nanomechanical 
photonic metamaterial supporting optical and mechanical resonances in a single structure of 
nanoscale thickness. In comparison to the nanowire of Fig. 1, such metamaterials provide an 
opportunity to control the bolometer’s sensitivity to incident radiation and the transduction of 
thermal motion to modulation of light at the readout wavelength. Spectral and polarization selectivity 
arise from the metamaterial’s resonances of absorption 𝐴. Mechanical resonance frequencies 𝑓0 can 
be detected by exploiting that, at non-zero temperatures, the natural vibration of mechanical 
oscillators will be driven by thermal energy.25-27 In a metamaterial, the thermal motion of 
metamaterial components will be transduced to modulation of the metamaterial’s optical properties. 
Consider a metamaterial located in the xy-plane, illuminated by light of intensity 𝐼0. The dependence 
of the metamaterial’s reflectivity 𝑅 on displacement along 𝑧, will transduce displacements 𝛿𝑧 into 
intensity changes 𝛿𝐼𝑅 of the reflected light intensity.  

𝛿𝐼𝑅 =
𝜕𝑅(𝑧,𝜆)

𝜕𝑧
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The displacement power spectral density for the thermal motion of a mechanical resonator is given 
by28 
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for oscillation along 𝑧 . Here 𝑚eff  and 𝑄 = 𝑓0/∆𝑓  are the effective mass and quality factor of the 
resonance with spectral witdth ∆𝑓, 𝑘𝐵 is the Boltzmann constant and 𝑇 the temperature. Integration 
over frequency gives the resonator’s mean square displacement. Its root mean square (RMS) 
displacement is  

𝛿𝑧RMS = √
𝑘𝐵𝑇

4𝜋2𝑚eff𝑓0
2        (7) 

For a typical silicon nitride metamaterial nanowire of 20 μm length, 250 nm width, 50 nm thickness 
and 10 MPa initial stress, we can expect a resonance frequency 𝑓0 = 2.0 MHz, that shifts by 𝛽 =
2.3 %/K  with increasing temperature. Assuming a thermal resistance of 𝑅th = 5 K/μW  and 50% 
absorption, this corresponds to a frequency shift of 6% / μW. With a typical quality factor of 1000, 
such a mechanical resonance would shift by its width in response to 17 nW, implying that power levels 
of a few nanowatts should be detectable. Such a structure would exhibit thermal displacements of 
𝛿𝑧RMS = 300 pm  at room temperature and assuming 1% reflectivity change per nanometre of 

displacement, this corresponds to RMS fluctuations of the absolute reflectivity of 
𝛿𝐼𝑅

𝐼0 
= 0.3%.  

III. METAMATERIAL NANOWIRE PAIR NANOBOLOMETER 

Initially, we will consider a model system consisting of only two metamaterial nanowires. These are 

16 μm long and support 14 unit cells. The structure was fabricated by focused ion beam milling (FEI 

Helios 600 NanoLab) of a 50 nm thick, low stress (< 250 MPa), 100 x 100 μm2 silicon nitride membrane 

(Norcada Inc.) coated with 50 nm of thermally evaporated gold (Fig. 2a). The unit cell contains a gold, 

П-shaped trimer (optical resonator, Fig. 2b). The trimer consists of a larger single nanorod (singlet) 

and a pair of smaller nanorods (doublet) that are supported by different silicon nitride nanowires 

(mechanical resonators).  



 

Fig. 2 Pairs of nanowires as a basic component of the metamaterial bolometer. (a) SEM image of a pair of nanowires 
supporting singlet and doublet patterns of gold – the building block of a metamaterial. (b) The unit cell of the metamaterial 
comprising of repeated nanowire pairs, with dimensions (left). A map of the instanteneous values of the electric field 
component perpendicular to the plane of the metamaterial, 10 nm above its surface, when the metamaterial is illuminated 
with light of 1310 nm wavelength (right). (c) Computed reflection (R), transmission (T) and absorption (A) spectra of the 
metamaterial. (d) Relative reflectivity change ΔR/Rz=0 of the metamaterial array due to mutual out-of-plane displacements z 
of the singlet and doublet nanowires. In all cases, incident light is polarized parallel to the nanowires. (Data for illumination 
with the orthogonal polarization are presented in supplementary material, Fig. S1.) 

Such nanowires are the building blocks of a metamaterial that is known to support a Fano 

resonance.29,30 The optical properties of the metamaterial were calculated by simulating normal 

illumination of a single unit cell with periodic boundary conditions (COMSOL 5.3a), describing silicon 

nitride with a refractive index of 2 and the permittivity of gold by a Drude-Lorentz model with a plasma 

frequency of 1.365 x 1016 rad s-1 and a damping constant of 3.18 x 1014 rad s-1.  The simulations reveal 

a plasmonic absorption resonance at about 1250 nm wavelength (Fig. 2c). At this wavelength, the 

plasmonic trimers operate in a “bright”-“dark” mode configuration30,31 where a “bright” dipole mode 

is excited in the larger gold nanorods and an antisymmetric, “dark” mode is induced in the pairs of 

smaller nanorods (Fig. 2b). The metamaterial structure allows control over the spectral position of its 

absorption peak through scaling of the unit cell dimensions and offers polarization selectivity 

(supplementary material, Fig. S1). The motion of one nanowire relative to the other will change the 

coupling between the plasmonic elements, which leads to a change in their optical properties (Fig. 2d). 

The sensitivity of the optical properties to displacement can then be controlled by selecting an 

appropriate readout wavelength. The wavelength of 1310 nm used in our experiments (Fig. 2c) 

ensures strong absorption and therefore heating of the nanowire structures for thermooptical control 

of their fundamental resonances. High reflectivity at this wavelength ensures strong scattering of the 

incident radiation that can be picked up to detect reflectivity fluctuations of the structure due to 

thermal motion of its components. 

Since our fabricated structure consists of nanowires with varied cross-sections, we perform finite 

element method simulations to calculate the mechanical eigenfrequencies and effective mechanical 

parameters of the nanowires (COMSOL 5.3a), describing silicon nitride and gold by the properties 
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listed in supplementary material, Table S1. Without initial tensile stress, the simulated mechanical 

eigenfrequencies of the fundamental out-of-plane mode of the singlet and doublet nanowires are 

𝑓0 = 1.481 and 1.647 MHz, respectively. Tensile stress increases these resonance frequencies 

(supplementary material, Fig. S2). To describe the stress-dependent mechanical eigenfrequencies of 

the structure analytically, we take each nanowire’s effective thickness to be its average thickness and 

fit the simulations with Eq. (1), arriving at the effective nanowire parameters (𝐸, 𝜌 and 𝑡) given by 

Table 1.  

Table 1: Effective properties of the two metamaterial nanowires. 

 Singlet nanowire Doublet nanowire 

Young’s modulus, 𝑬eff (GPa) 227 235 

Density, 𝝆eff (kg m-3) 10410 7415 

Thickness 𝒕eff (nm) 79 73 

Thermal expansion coeff.* 𝜶eff (K-1) 4.3 × 10-6 4.0 × 10-6 

Mass, 𝐦eff  (pg) 0.82 0.58 

RMS displacement, 𝜹RMS (pm) at 300 K 274 255 

* See supplementary material, Note S1. 

To detect the mechanical resonances of the nanowires, we measure the modulation of scattered light 
caused by their Brownian motion. To avoid damping by air, the sample was placed in a vacuum 
chamber at a pressure of 4 x 10-3 mbar, see supplementary material, Fig. S3. A 1310 nm wavelength 
CW laser beam polarized parallel to the silicon nitride nanowires was focused on the sample (FWHM 
spot size 5 μm, 3.5-70 μW total power) with an objective of 0.40 numerical aperture and the 
backscattered light was collected and guided to a photodiode (New Focus Inc. 1811). The spectrum of 
intensity fluctuations, i.e. the optomechanically transduced signal of nanowire motion, was recorded 
using a spectrum analyser (Zurich Instruments UHFLI). Considering the spot size and the 800 nm width 
of the unit cell that contains two nanowires, about 10% of the total incident power illuminates an 
individual metamaterial nanowire. We take measurements at the centre of the structure and detect 
two resonances around 1.5 MHz and 2 MHz when illuminating each metamaterial nanowire with a 
few microwatts of laser power (Fig. 3a). The measurements show the power spectral density (PSD) of 
the backscattered light as a function of frequency and laser power incident on each nanowire. From 
these measurements, we extract experimental RMS displacements28 of 269 and 249 pm, at 7 μW 
illumination of the singlet and doublet nanowires, respectively. These values are close to the 
theoretically expected room temperature RMS displacements of 274 and 255 pm according to Eq. (7), 
based on the observed resonance frequencies and effective masses according to eigenmode 
simulations (Table 1). Comparison of the observed PSD peaks to the background level indicates a 
displacement sensitivity28 of about 2 pm/Hz-1/2 at the highest incident laser power.  

The frequencies of both mechanical resonances decrease linearly with increasing optical power (Fig. 
3a,b), as expected according to Eq. (4). Absorption of light increases the nanowire temperatures, 
reducing their tension by thermal expansion [Eq. (2)], resulting in a decrease of their resonance 
frequencies [Eq. (3)]. According to a linear fit of the resonance frequencies as a function of power, the 
singlet and doublet nanowires without illumination resonate at 𝑓0(𝜎0) =1.592 and 2.030 MHz 
(supplementary material, Fig. S4). The resonances shift by -39 and -58 kHz/μW of laser power incident 
on each nanowire, that is a frequency shift of -2.4 and -2.8 %/μW and corresponds to the 
nanobolometer’s responsivity. From the variation of detected resonance frequencies at fixed optical 
power, we determine a frequency noise of 170 Hz/Hz1/2, which corresponds to a noise equivalent 
power of 4.5 and 3.0 nW/Hz1/2, respectively. 



 

Fig. 3 Nano-opto-mechanical bolometry: Power-dependence of thermal vibrations of metamaterial nanowires. (a) Power 
spectral density (PSD) of light scattered by the central part of the nanowire sample for different levels of laser power incident 
on a nanowire. (b) Shifts of the fundamental mechanical resonance frequencies as functions of incident power per nanowire, 
with linear fits. Insets show the respective mechanical modes for nanowires supporting singlet and doublet plasmonic 
patterns.  (c) SEM image of a nanomechanical metamaterial bolometer array consisting of mechanical resonators of different 
length. (d) Resonance frequencies, as a function of total incident optical power, extracted from PSD spectra taken at different 
positions on the metamaterial sample, with linear fits. 

The  stress of the nanowires is determined from the observed resonance frequencies using Eq. (1) and 
the effective nanowire parameters of Table 1, and the temperature increase is determined from Eq. 
(3), see supplementary material, Fig. S4. The initial tensile stress 𝜎0 is 2.57 and 8.11 MPa for the singlet 
and doublet nanowires, their temperature increases by 1.1 and 1.5 K/μW, and the linear temperature 
coefficient of the resonance frequency is 𝛽 = -2.3 and -1.9 %/K, respectively. The lower temperature 
increase of the singlet nanowire is expected as its more extensive gold coverage implies more efficient 
conductive cooling and thus a lower equilibrium temperature. Considering 37% absorption (Fig. S5a), 
the thermal resistance of the singlet and doublet nanowires is 𝑅th = 2.9  and 4.0 K/μW, respectively. 
With nanowire heat capacities of about 0.7 pJ/K, this implies cooling timescales of 2 and 3 μs. While 
the cooling time of the nanomechanical system is only a few microseconds, in practice, the time 
required for nanobolometer readout will be determined by the measurement of the resonance 
frequency of a nanowire. Considering the Fourier transform of a time-domain signal, the 
measurement time required for achieving a frequency resolution that matches the resonance width 
∆𝑓 is 1/∆𝑓, which ranges from 190 to 750 μs in our nanobolometer. However, both higher accuracy 
and shorter measurement times may be achieved using frequency interpolation techniques. 

We note that the spectral width of the resonances depends on the incident optical power 
(supplementary material, Fig. S4c). Increasing optical power leads to a decrease of the quality factor 
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of the mechanical resonances from around 1000 at low power to 300-400 at 7 μW per nanowire. This 
may be due to dissipation dilution, where – at low intensity – the increased tensile stress in the 
nanomechanical resonators increases the stored vibrational energy relative to the structure’s intrinsic 
losses, resulting in a higher quality factor.32-34 

IV. MECHANICAL METAMATERIAL NANOBOLOMETER 

An array of metamaterial nanowires forms a nanomechanical metamaterial, where each nanowire can 
act as a nanobolometer. If these nanowires have sufficiently different mechanical resonance 
frequencies, due to different nanowire lengths or initial stress, then they can be read independently,35 
providing a bolometer array with sub-micron spatial resolution. This allows for optical sensing with 
sub-wavelength spatial resolution, or – in principle – polarimetry and spectroscopy based on parallel 
detection with nanowires supporting optical resonators that absorb different polarization and/or 
spectral components. To demonstrate this concept, we fabricated an array of metamaterial nanowires 
(Fig. 3c), where we vary the nanowire length from 14 μm to 17 μm in steps of 1 μm. The metamaterial 
has an absorption peak close to the measurement wavelength λ of 1310 nm (supplementary material, 
Fig. S5a), as expected from simulations (Fig. 2c). Considering the 800 nm size of the unit cell that 
contains two nanowires, such structures can provide bolometry with a spatial resolution of about 400 
nm, i.e. 0.3 λ. We take measurements at four different positions on the sample, each time focusing on 
the centre of nanowires of a different length. Fig. 3d shows the dependence of a resonance of each 
nanowire group on the illumination power. The natural frequency of a nanowire is inversely 
proportional to the square of its length [Eq. (1)] and therefore shorter metamaterial nanowires 
oscillate at higher frequencies. Taking into account that about 10% of the total incident power 
illuminates a typical nanowire, we observe a responsivity of 1-2%/μW resonance frequency shift per 
power incident on a nanowire in the metamaterial. This is slightly lower than for the two beam 
nanobolometer, which may be due to higher initial stress in the metamaterial sample (supplementary 
material, Fig. S2). Slightly larger responsivity for longer metamaterial nanowires can be attributed to 
an increased thermal resistance of the longer nanowires, causing optical heating to slightly higher 
temperatures.  

V. DISCUSSION 

It is interesting to consider how the nanobolometer device might be scaled to other wavelengths. For 
example, we may scale the lateral dimensions of the entire geometry by a factor 𝑠 and keep the 
thickness constant. Neglecting stress, the mechanical resonance frequency 𝑓0  would scale 
proportionally to 𝑠−2 according to Eq. (1), while the effective mass would scale proportionally to 𝑠2. 
Therefore, the thermal RMS displacement 𝛿𝑧RMS according to Eq. (7) would scale with 𝑠. As the optical 
resonance wavelength would also scale with 𝑠, this suggests that the magnitude of the RMS optical 
fluctuations would not change much, indicating that the mechanical resonance should remain 
observable optically. The spatial resolution would scale with 𝑠, i.e. it would remain the same fraction 
of the wavelength. The thermal resistance 𝑅th  should not change, while the heat capacity and 
therefore also the cooling timescale would scale with 𝑠2 . The time required to measure the 
mechanical resonance frequency 𝑓0 of the nanowire also scales with 𝑠2, indicating that the readout of 
a significantly larger bolometer would be much slower. The relative frequency shift per Kelvin 𝛽 
should increase for 𝑠 > 1 according to Eq. (3), implying that the sensing mechanism should scale well 
to longer wavelengths. 

For the proof-of-principle demonstration of the bolometer concept, the nanobolometer measured the 
power of the same light that was also used for optical readout, resulting in low/high visibility of the 
mechanical resonances at low/high incident power levels (Fig. 3a). In practical sensor implementations, 
it would be desirable to use a stable CW laser with fixed power for the optical readout of the sensor, 
to measure the power of a second radiation signal. This would ensure resonance frequency detection 
with similar signal-to-noise ratio regardless of the power of the second signal. A readout wavelength 



closer to 1120 nm (Fig. 2c) would maximize the signal-to-noise ratio and allow readout power levels 
of less than 1 μW per metamaterial nanowire. The sensor’s minimum detectable power could be 
decreased and the responsivity increased by increasing its thermal resistance, which would be 
achieved by removing gold from the ends of the metamaterial nanowires.9 Competition between the 
increased thermal resistance and a reduced heat capacity would limit the impact on the cooling 
timescale. Simulations indicate that the reduced effective thickness would yield a decreased 
mechanical resonance frequency, despite reduced effective density and increased effective Young’s 
modulus. Dielectric metamaterial resonators could be used to achieve higher operational frequencies, 
more than 100 MHz have been reported.36 More generally, the spectral and polarization sensitivity, 
as well as the transduction of thermal vibrations to modulation of light at the readout wavelength, 
can be engineered by metamaterial design, and detailed mechanical characterization of such 
structures can be performed by hyperspectral motion visualization scanning electron microscopy.37 

In comparison to nanoelectromechanical,13,38 metamaterial20-22 and conventional39,40 microbolometer 
arrays, our optically-read nanobolometer structures offer smaller sensing elements (4 μm2) with more 
than an order of magnitude better spatial resolution (400 nm) and a two orders of magnitude shorter 
thermal time constant. In contrast, single-pixel microbolometers14-18, as well as nanobolometers fed 
by microscale or larger antennas,41,42 do not offer nanoscale resolution.   

The dependence of mechanical resonances of nanomechanical metamaterials on optical power also 
provides an opportunity for tuning of giant electro-,43 magneto-,44 acousto-45 and nonlinear29,35,36 
optical effects, that have been observed in such nanostructures. At natural resonances, mechanical 
oscillations can be driven to big amplitudes, resulting in large modulation of optical properties around 
the optical resonances of the metamaterial. Optical control of mechanical resonances, therefore, 
provides dynamic control over the natural frequencies at which efficient light modulation can be 
achieved. Our results show that frequencies and quality factors of natural mechanical resonances of 
nanomechanical metamaterials can be continuously tuned by optical heating affecting mechanical 
tension in the nanostructure. We observe frequency shifts of up to 20% and Q-factor changes of up to 
300% at optical power levels of few microwatts per metamaterial nanowire. Such tuning may also be 
applied to nanomechanical metamaterials with addressable mechanical elements, for applications 
such as dynamic diffraction gratings,46 subwavelength resolution spatial light modulators,35 light 
modulation, temperature sensing, spectroscopy, imaging and the study of coupled mechanical 
systems.47 

VI. CONCLUSIONS 

In conclusion, we demonstrate a mechanical metamaterial nanobolometer with a non-contact optical 
readout. The nanobolometer is based on detecting the modulation of light caused by the fundamental 
sub-nanometre Brownian oscillation of a nanomechanical metamaterial. The thermal motion of the 
metamaterial’s mechanical oscillators modulates the relative position of the structure’s coupled 
plasmonic resonators by 100s of picometers, causing detectable intensity modulation of light 
scattered by the nanostructure. Plasmonic absorption and thus heating of the structure results in 
internal tensile stress variations that modify the mechanical resonance frequencies of individual 
mechanical elements by 2-3 %/μW of incident power. Such bolometers offer sub-micron spatial 
resolution, microsecond response times and nanowatt detection. 

SUPPLEMENTARY MATERIAL 

See supplementary material for material properties of silicon nitride and gold used in our calculations, 
more detail on the metamaterial's optical properties, stress-dependent eigenfrequency simulations, 
a schematic of the experimental setup and the optical power dependence of resonances and 
temperature of metamaterial nanowires. 
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