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ABSTRACT  

We propose a plasmo-thermomechanical mid-infrared detector operating at 4.3 µm wavelength. The design utilizes an 
array of the bimetallic fishbone nanowires that are suspended 50 nm above a 1.5 µm × 0.3 µm silicon nitride waveguide 
to create a leaky wave radiation. Moreover, the thermo-mechanically actuated nanowire will induce evanescent wave 
modulation that can be detected by the leaky wave or transmitted power of the waveguide. The antenna has a strip length 
of 1.77 µm and can yield an absorption coefficient of 42.4% with a period of 3.1 µm. Six unit cells are connected by a 
nanowire, and the fishbone-like nanowires are clamped at the two ends, leaving the center free to bend. The mid-infrared 
energy is absorbed by the resonant metallic antennas, resulting in a temperature increment. The mismatch of the thermal 
expansion coefficients of the bimetallic materials, gold and nickel, actuates the nanowire, and thus changes the gap 
between the nanowire and the waveguide. The deformation of the nanowire modulates the waveguide evanescent field, 
and hence alternates the transmitted power as well as the leak wave power. With a normal incident power of 4 µW/µm2, 
the temperature in the center of the nanobridge can be increased over 135 K above the ambient temperature, leading to 
an elevation of 23.5 nm in the center and thus weakening the evanescent modulation strength. The difference of S21 
caused by the gap change is 0.106. This methodology can be applied in other spectrums and the fabrication progress will 
be reported later. 

Keywords: infrared detectors, bimetallic nanobeam, plasmonic antennas, thermoplasmonics, thermomechanics, SiN 
waveguide. 

 

1. INTRODUCTION  

Infrared detection relies on the energy transduction mechanism that transfers the electromagnetic energy into other 
formats. Depending on the energy transduction mechanism, most of the infrared detectors can be classified as either 
quantum and thermal detectors [1]. The thermoplasmonics, which takes advantage of the photo-thermal effect induced 
by the resonant light absorption in metallic nanostructures, has become an appealing direction in nanoscale heat sources 
[2], [3]. By tuning the plasmonic structures, high absorption coefficient can be achieved at different wavelengths 
depending on the antenna length [4], which renders the design of the plasmonic structure flexible and scalable. Heat 
transformed by the thermal generators induces the temperature change, and can be measured by the temperature-
dependent mechanisms, which include pyroelectricity [5], thermoelectricity [6], conductivity [7], thermo-optics [8], [9], 
mechanical deflections [10]–[12], etc. Among these mechanical thermal detectors, bimaterial devices play an important 
role. The bimaterial thermal detectors usually utilize the cantilevers or the suspended membranes that deflect due to 
thermal expansion. To convert the tiny mechanical deflection into a measurable quantity, optical systems are often 
employed based on trigonometry [13]–[16] or interferometry [17], [18]. However, these optical systems require discrete 
bulky lenses and detectors, and hence the miniaturization of the detectors remains difficult.  

Inspired by the metal-based evanescent field modulators [19] and our recent achievements of the optical leaky wave 
antennas (OLWAs) [20]–[22], here we propose an on-chip plasmo-thermomechanical detector for IR radiation [23], [24]. 
The merit of the design is to detect the radiation-induced mechanical deflection through a waveguided light, thus making 
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the bolometer compact and can be integrated on-chip. To be specific, the free space target IR radiation is absorbed by the 
fishbone nanowires and creates thermo-mechanical deflection on the suspended wires. The gap between the nanowires 
and the underneath waveguide is selected to have an evanescent field interaction that causes attenuation on the 
waveguided mode. Thus, the change in the target IR radiation intensity is read out by the attenuation on the transmitted 
power in the waveguides at the probe wavelengths, which can be easily realized by an on-chip photo detector. The 
proposed design embraces the capability for on-chip integration and the flexibility for operation due to the separation of 
the target and probe wavelengths. In particular, we show the optimized design for the target wavelength at 4.3 µm and 
the probe wavelength at 1550 nm. To assess the performance of the device, the figure of merit (FOM) is defined as the 
ratio of the change in S21 in the waveguide with respect to the illumination power density, namely Δ|S21|/IIR, where IIR is 
the IR power density in the unit of W/m2. The figure of merits (FOMs) of the proposed device is 2.64×10-2 μm2/μW. 

2. DESIGN OF THE PLASMO-THERMOMECHANICAL DETECTOR

2.1 Device Structure 

Figure 1. Schematic geometry (a) and operation principle (b) of the bilayer plasmo-thermomechanical detector for IR radiation. The inset in (a) shows 
the top view of the antenna unit cell. 

As demonstrated in Figure 1(a), the operation of the detector needs the interplay of three key elements: strip antennas, 
bimetallic fishbone nanowires, and a waveguide. Silicon nitride (SiN) is chosen as the waveguide core material. SiN 
waveguides have been widely used in passive [25]–[31] and active [32]–[36] photonic devices. The inclusion of metallic 
structures equip SiN waveguides with the capabilities of enhancing evanescent field [37], [38] and generating hot spots 
[39]–[41]. Plasmonic metallic antennas can not only alter the wave delay [42] but also absorb electromagnetic energy 
when excited by the resonant wavelength. When the infrared energy is absorbed by the resonant metal strips, the 
absorbed energy is conducted to the nanowires and creates a thermal gradient. The temperature variation will thermally 
actuate the nanowires, changing the gap between the nanowires and the waveguide top surface, as illustrated in Figure 
1(b). In our design, the deformation of the nanowires modulates the evanescent field from the waveguide whose 
dimension is 1.5 µm × 0.3 µm to guarantee the single TE mode at 1550 nm wavelength. The gap between the nanowires 
and the waveguide determines the strength of the interaction, which is set to be 50 nm, a separation that has enough 
evanescent field interaction, and that is also fabrication feasible, e.g., etching the silicon dioxide (SiO2) sacrifice layer 
with hydrogen fluoride (HF) acid vapor. For the sake of fabrication compatibility, gold (Au) and nickel (Ni) are used to 
build the nanowires due to their chemical resistance to HF. Since Au has a larger thermal expansion coefficient than Ni, 
Au should be placed on top of Ni, so that the nanowire will bend upward to avoid collapsing and sticking to the 
waveguide surface. The amount of deflection of nanowires is determined by the relative thickness of each layer, the 
temperature gradient, and the length of the nanowire. In the following sessions, we show how to optimize the nanowires 
for maximum deflection and hence optical modulation on the propagating waves.  

2.2 Thermomechanical Analysis and Simulation 

The detection system is modeled and simulated in three parts, being the plasmo-thermal conversion, the thermo-
mechanical deflection, and the evanescent field modulation. We use the finite element method based software 
(COMSOL Multiphysics) to solve all three parts. The composition of the nanowire is first settled by the thermo-
mechanical simulation. Bilayer beams are widely used to sense and control the temperatures [13], [14]. Due to the 
difference of the thermal expansion coefficients of the materials, stress and constrains will be created, resulting in beam 
bending. The beam will bend towards the material with a larger thermal expansion coefficient when experiencing a 
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positive temperature difference, and bend towards the material with smaller thermal expansion coefficient if the beam is 
cooled.  

The temperature-induced bending of the double clamped bilayer beam (inset in Figure 2) is a function of the thermal 
expansion coefficient γ, layer thickness t, and temperature profile T(x) as described in Eq. (1) and (2) [43], [44]: 

 ( ) ( )
2

1 2
2 1 02 2

2

6
t td y T x T

dx t K
γ γ

+Δ
= − −⎡ ⎤⎣ ⎦  (1) 

 
2 3

1 1 1 1 2 2 2 1

2 2 2 2 1 1 1 2
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1 1
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 (2) 

where Δy(x) is the vertical deflection of the beam at the position x and the origin is located at the center of the beam, E is 
the Young’s modulus, ν is the Poisson’s ratio. The subscripts 1 and 2 represent the top and the bottom layers. The 
ambient temperature is denoted by T0. The material properties used in the simulations are summarized in the following 
table. 

Table 1. Gold and nickel mechanical properties  γ (10-6 /K)[45] E (109 Pa)[46] ν (dimensionless)[47] Gold 14.2 78 0.44 Nickel 13.4 200 0.31 
 

As formulated in Eq. (1), a thick wire may reduce the amount of deflection. However, if the wire is too thin, it may not 
have enough mechanical strength for suspension. Here, we set the wire thickness t1+t2 to be 50 nm as a tradeoff between 
the mechanical strength and the amount of deflection of the wire. Given a temperature profile T(x) – T0 = ΔT·(1-(2x/l)2) 
where l is the length of the beam and ΔT is the temperature difference at the beam center, the amount of deflection is 
estimated to be  

 ( ) ( )
4 2

21 2
2 1 2

2

1 1 524
2 8 192

t t x xy x Tl
l lt K

γ γ
⎛ ⎞+ ⎛ ⎞ ⎛ ⎞Δ = − ⋅Δ − + −⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

 (3) 

 
Figure 2. Comparison of the displacement in the center of the beam as a function of the top and bottom layer thickness ratio, t1/t2, using the analytical 

formula and the FEM simulation method. The inset shows the schematic of the double clamped bilayer beam. 

Figure 2 illustrates the analytical and numerical estimation of the deformation for the Au and the Ni composed layers. In 
these calculations, we assume a beam length l = 10 μm, beam width Wb = 100 nm (for numerical analysis only), and ΔT 
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= 100 K. The shortcoming of the analytical method arises from the fact that it does not consider the wire width in 
calculation, and hence the analytical result is 5 times higher than the rigorous numerical analysis. This mismatch has also 
been explained in Ref. [16] and reported in the support information of  Ref. [48]. Despite the discrepancy of the peak 
values, the analytical and numerical solutions agree well that the ratio of the Au and Ni layer thickness should be 1.5. 

2.3 Design of the Fishbone Unit Cell 

In our design, strip antennas are employed to absorb the infrared radiation and to generate thermal gradient. To increase 
the total absorbed energy, multiple antennas are connected by a single nanobeam, yielding a fishbone-like nanowire. The 
design of the fishbone nanowire is performed in unit cells, which repeat itself in the x and z directions. Although the 
periodicity breaks at the anchor supports, the simulation of the unit cell still acts as a good approximation of the 
electromagnetic behavior of the entire wire. The fishbone nanowire, surrounded by air, is suspended 350 nm above a 
SiO2 substrate and stretches across the SiN waveguide. Its unit cell only contains the SiO2 substrate in the model since 
the waveguide width is assumed to be narrower than the nanowire and can be ignored in the unit cell optimization stage. 
We set the substrate thickness to be 2λ and the air box thickness to be 3λ, where λ is the infrared wavelength in free 
space. Both the substrate and the air box are sandwiched in perfect matched layers (PMLs) to absorb scattering light and 
to minimize reflections at the top and bottom boundaries.  The PML thickness is set to be λ. The optical properties of the 
materials at 4.3 µm wavelength are summarized in the following table. 

Table 2. Optical properties of the air, SiN, SiO2, Au and Ni that are used in the simulation. 

Material εr µr σ 

Air 1 1 0 

SiN 2 1 0 

SiO2 1.907 [49] 1 0 

Au -731.49 – j149.95[50] 1 45.6×106 [51] 

Ni -225.07 – j130.52 [50] 1 13.8×106 [51] 

 

The unit cell (inset in Figure 3(b)) is optimized in terms of the strip length Ls, strip width Ws, and periods in the x and z 
directions. The beam width Wb is set to be 100 nm in our study. As shown in Figure 3(a), increasing the width of the 
strip will reduce the resonant length and lower the absorption coefficient. We find out that the combination of Ls = 1.77 
µm and Ws = 100 nm yields the highest absorption coefficient at λ = 4.3 µm. The periods in the x and z directions are 
optimized simultaneously to achieve Px = Pz. The absorption coefficient reaches a peak value of 0.424 when the periods 
equal 3.1 μm in both x and z directions as shown in Figure 3(b). 

 
Figure 3. The absorption coefficients as functions (a) of the strip length Ls and strip width Ws for a given period of Px = Pz = 3.1 μm, and (b) of the 

period for a given strip with Ls = 1.77 μm and Ws = 100 nm. The inset in (b) shows the antenna unit cell in top view. The unit cells are connected in the 
x direction. 
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The gap between the suspended nanowire and the substrate is 350 nm based on the waveguide thickness. However, this 
value can be easily shifted due to fabrication. The effect of the gap variation on the absorption coefficient is plotted in 
Figure 4. The parameters of the antenna unit cell are chosen from the above simulations. When the substrate thickness 
varies from 250 nm to 450 nm, a ±100 nm variation from the designed value, there are only small fluctuations on the 
absorption coefficients. For the antenna at 4.3 µm, the maximum variation is 7% compared to the absorption coefficient 
at gap = 350 nm. Since the fabrication induced error will be less than 100 nm, the effect of the gap variation on the 
absorption coefficient will be negligible. 

 
Figure 4. The absorption coefficient as a function of the gap between the nanowire and the substrate for the antenna unit cell at 4.3 µm. The antenna 

unit cell in (a) has Ls = 1.77 µm, Ws = Wb =100 nm, and Px = Pz = 3.1 µm. 

 
Figure 5.  The maximum temperature of the nanowire as a function of the IR power density. The inset shows the temperature profile along the 

nanowire when the input power density is 4 μW/μm2. 

For demonstration purpose, we design a fishbone nanowire that includes 6 strip antenna unit cells. The total length of the 
wire, l = 18.6 µm, is selected as a compromise of fabrication challenges and the amount of deflection of the wire. The 
two ends of the nanowire are connected to the metal pads which act as heat sinks, and the temperature of the two ends 
are then set to be 293.15 K. The heat transfer coefficient on the wire surface is assigned to be 5 W/(m2·K) to mimic the 
stagnant air cooling condition. For a 4 μW/μm2 normal incident power density (z-polarized) at 4.3 μm wavelength, the 
highest temperature on the nanowire can reach 428.16 K, and the temperature profile along the nanowire is quasi-
parabolic as depicted in the inset of Figure 5. Figure 5 also illustrates that the maximum temperature Tmax on the 
nanowire increases linearly with respect to the incident power density. The slope of the curves indicates that the 
temperature-IR power density conversion ratio ηTI is 33.75 K/(μW/µm2) for this device. The displacement-temperature 
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conversion ratio, ηDT, is estimated to be 0.17 nm/K based on the parabolic temperature profile, meaning that a 1 K 
temperature increment in the beam center will elevate the nanobeam center by 0.17 nm 

2.4 Nanowire Array Optimization 

The fishbone nanowires are periodically arranged along the waveguide direction (the z direction), to form an OLWA and 
modulate the propagating wave in the waveguide. Instead of measuring the radiation patterns like we did for OLWAs 
[22], the change of the waveguide output power, ΔPwg,out, at the radiation on and off states is of interest here, because it is 
a measurable quantity by an on-chip photo detector. For fair comparison, we normalize the variation of the waveguide 
output power to its input power, yielding the change of the S21 parameter, ΔS21.  The number of the nanowires, N, affects 
ΔS21 in a way that too few wires limit the modulation strength, while too many wires can attenuate the output power 
severely, making it challenging to measure ΔS21. From the simulation results, the gap changes from 50 nm to 73.5 nm in 
the IR radiation off and on states, a sweep of N finds that ΔS21 reaches the maximum when N equals 9, and the peak 
value is 0.106, as shown in Figure 6(a), indicating a modulation depth of 10% on the transmitted power in the 
waveguide. With the chosen wire number N=9, the S21 as a function of the change of the gap is studied to reveal the 
sensitivity of S21 to the gap variation, ηSD, as shown in Figure 6(b). When the gap is 50 nm, 1 nm increment in the gap 
will result in 4.6×10-3 shift in S21 parameter. 

 
Figure 6. (a) The differences of the S21 parameters, ΔS21, at gap = 50 nm and gap = 73.5 nm are plotted as a function of the number of nanowires N. (b) 
S21 parameter as a function of the gap is shown as the green curve on the left axis. The derivative of S21 with respect to the gap is plotted as the dashed 

blue curve on the right axis 

 

2.5 Probe Power Limitation 

It is worth noting that increasing the waveguide input power can enlarge the output power difference, but it will also heat 
the nanowire by its own evanescent field, leading to a larger gap than the designed value and desensitizing the detector. 
Since the waveguide is narrow compared to the nanowire, the waveguide can be viewed as a point heat source, and the 
temperature profile along the nanowire changes linearly with respect to positions. When the input power is smaller than 
100 μW, there will be at most 3.36 nm self-heating deflection, which is an acceptable value. 

 

3. RESPONSITIVITY OF THE DETECTOR 

Combining all the conversion ratios from the electromagnetic domain to the thermal domain and then to the mechanical 
domain and finally back to the optical domain, the figure of merit (FOM) of the device is defined as 

 21
SD DT TI

IR

FOM
S
I

η η η
∂

= =
∂

                       (4) 

For the proposed device, its FOM is 2.64×10-2 μm2/μW, indicating that 1 μW/μm2 radiation will result in 2.64×10-2 
change in the waveguide S21 parameter. 
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The FOM of the device is given as a more generic performance metric, because the probe light power Pprobe and device 
area ADUT have been normalized to get rid of their effects. Thus, only the waveguide S21 parameter (normalized to the 
probe light power) and IR power density (normalized to the device area) are considered. Here, we will convert the FOM 
(µm2/µW) to the response of the detector (V/W) to make a fair comparison. Suppose we have a photodetector, which can 
convert the ac components of the power from the waveguide into current, followed by a transimpedance amplifier to 
convert the current to the voltage. The photodetector has a responsivity ηPD = 0.886 A/W, and the transimpedance 
amplifier has a resistance, RIV, of 105 V/A. These values are adopted from Ref. [17]. Then the response of our detector is 

 out
DUT probe PD IV

IR DUT

V FOM P R
P A

η η= = ⋅ ⋅ ⋅                        (5) 

where ADUT is the device area and it equals 18.6 µm × 3.1 µm × 9 = 518.94 µm2. Then ηPD = 2.64×10-2 (µm2/µW) 
/518.94(µm2) × 100 µW ×0.886 A/W ×105 V/A = 450.7 V/W. 

 

4. CONCLUSIONS 

In summary, we propose an on-chip bimetallic plasmo thermomechanical mid-IR detector that uses waveguided modes 
to detect IR incident wave through the evanescent field modulation. The design is scalable and can be applied to 
wavelengths from mid-IR to near-IR. FOM is used to characterize the device performance, but it can also be converted 
to the responsivity in the unit of V/W. We estimate our device performance to be ~450.7 V/W, comparable to the work 
in Ref. [17] given the same system parameters, but with an advantage of 1/10 smaller probe light power and on-chip 
integration capability. This manuscript reports the proof-of-the-concept device not targeting to compete with the state-of-
the-art semiconductor photo detectors. Although we focus on the readout from the guided modes in this paper, it is also 
possible to detect the readout through the free space radiation by the leaky waves. 
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