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Abstract 13 

This study presents a micromechanical resonator to detect near-infrared (NIR) laser wavelength shifts for dense 14 
wavelength division multiplexing (DWDM) systems. A feedback control of laser wavelength detecting the 15 
wavelength shift is required to keep a spacing of adjacent wavelength channel. The conventional detection method 16 
with an etalon filter has the detectable limit of wavelength shift. In this regard, we integrate a micromechanical 17 
resonator with plasmonic gold nanorod structures to produce the optical absorption change due to the wavelength 18 
shift. The wavelength shift can be detected via the resonant frequency shift based on the thermal stress change in 19 
the resonator. The gold nanorod array is fabricated on a gold thin film and subsequently covered by a Si thin film, 20 
which is used for controlling the refractive index of the surrounding medium. This causes absorption peaks of 21 
plasmonic resonance to be generated in the NIR region. We develop a theoretical equation for the relative resonant 22 
frequency that is in proportion to the laser intensity and the beam length cubed. The experimental tendency of 23 
relative resonant frequency shifts is observed to be in good agreement with the theoretical equation. The maximum 24 
relative resonant frequency shift is 69 Hz/nm, whereas the resolution is estimated to be 0.37 pm, taking into account 25 
the thermomechanical noise. Therefore, the fabricated resonator is confirmed to be useful for measuring the laser 26 
wavelength with high resolution for large-capacity DWDM systems. 27 
  28 
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1. Introduction 1 

Micromechanical resonators are used for highly sensitive mass, thermal, inertia, and pressure sensors 2 
because of their high-sensitivity resonator characteristics such as resonant frequency [1-5]. For example, a 3 
temperature change of a micromechanical resonator results in a resonant frequency change due to the thermal stress 4 
of the resonator beam. Therefore, this phenomenon is used for detecting heat applied to the resonator beam [6-11].  5 

This study focuses on the application of micromechanical resonators to detection of wavelength shift of 6 
near-infrared (NIR) laser, integrating a resonator with a plasmonic absorber. Gold nanostructures offer optical 7 
absorption peaks in a spectrum owing to surface plasmon resonance. Gold nanorods are one of the candidates for 8 
plasmonic nanostructures. They enable adjusting the absorption peak wavelength through the nanostructure 9 
dimensions such as width, length, and pitch, as well as the surrounding media [12-29]. Different absorptions are 10 
obtained depending on the laser wavelength of NIR light. Therefore, a laser wavelength shift can be detected by the 11 
resonant frequency shift because of the absorption (temperature) change of the resonator beam; details are described 12 
in Section 2.  13 

Detecting the wavelength shift is useful for a dense wavelength division multiplexing (DWDM) system, 14 
where a large number of wavelength channels ranging from approximately 1530 to 1625 nm are present [30]. The 15 
telecommunication standardization sector of the international telecommunication union provides the channel 16 
spacing standard, which is 0.8 (100), 0.4 (50), 0.2 (25), or 0.1 nm (12.5 GHz). The conventional system detects the 17 
wavelength shift by measuring the laser intensity change through an etalon filter that has wavelength depending 18 
transmittance [30, 31]. Laser light from a source is divided into two paths using a beam splitter. One path is used 19 
for laser power monitoring with a photodetector. Another path is used for wavelength monitoring through an etalon 20 
filter as a wavelength discriminator [31-35]. The detection resolution of the conventional system is insufficient for 21 
a channel spacing of 0.1 nm due to limitation of processing accuracy; it has been used for a channel spacing of 0.4 22 
or 0.8 nm. Therefore, to realize enough resolution of wavelength detection is still challenging for a reliable system 23 
with a 0.1-nm spacing, requiring a 2.5 pm resolution. 24 

In this study, we fabricated and evaluated a mechanical resonator device with a gold nanorod array for the 25 
detecting laser wavelength shifts to realize the wavelength detection resolution of less than 2.5 pm. It is thought that 26 
the device performance depends on the laser intensity and the resonator beam dimension, such as the beam length. 27 
Therefore, we study the effect of these parameters on the resonant frequency shift. Finally, the theoretical resolution 28 
of the measurement device is estimated, taking into account the thermal-mechanical noise. 29 

2. Theory and experiments 30 

2.1 Theoretical equations 31 

Metal nanostructures, such as gold, silver, and aluminum, have surface plasmon resonance, resulting in a 32 
unique optical absorption characteristic, which is to show the absorption peaks in a spectrum. Therefore, changes 33 
of the absorption 𝛽  in a laser, defined as  ∆𝛽 ൌ 𝛽ଶ െ 𝛽ଵ , are obtained during the shift of the wavelength 𝜆 34 
as ∆𝜆 ൌ 𝜆ଶ െ 𝜆ଵ . In this study, the gold nanorod array was placed at the center of the doubly-clamped micro-35 
oscillator beam, fabricated from the silicon-on-insulator (SOI) wafer, to function as an optical absorber, as shown 36 
in Fig. 1(a). The beam temperature changes with the absorption change, while thermal stress applies to the beam. 37 
The thermal stress change results in a resonant frequency shift. In this study, therefore, we propose to detect the 38 
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wavelength shift from the resonant frequency shift. 1 
The following equations were obtained for the beam temperature and resonant frequency. Equations (1) 2 

and (2) give the temperature 𝑇ሺ𝑥ሻ along in the longitudinal direction of the beam and the mean temperature change 3 
∆𝑇, respectively. 4 

𝑇ሺ𝑥ሻ ൌ 𝑇଴ ൅
ሺ𝐿 2⁄ െ |𝑥|ሻ𝛽𝑃

2𝜅𝑏ℎ
 , (1) 

∆𝑇 ൌ න
ሺ𝐿 2⁄ െ |𝑥|ሻ𝛽𝑃

𝜅𝑏ℎ
𝑑𝑥
𝐿

௅/ଶ

ି௅/ଶ
ൌ

𝐿∆𝛽𝑃
8𝑏ℎ𝜅

 , (2) 

where 𝑇଴ is the original temperature before laser irradiation, 𝜅 is the thermal conductivity of Si, and 𝑃 is the laser 5 
intensity. As shown in Fig. 1(a), 𝑏, ℎ, and 𝐿 indicate the beam width, thickness, and length, respectively. Note that, 6 
in Eq. (1), 𝑇଴ is the temperature where the fixed end is established, 𝑥 ranges from 𝐿 2⁄  to െ 𝐿 2⁄ .  7 

The temperature change occurs when shifting the laser wavelength owing to the absorption change (∆𝛽). 8 
The resonant frequency (𝑓ఙ) under thermal stress of the beam is given by Eq. (3) [36-39]. 9 

𝑓ఙ ൌ 𝑓଴ඨ1 ൅
3
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𝜎𝐿ଶ

𝐸ℎଶ ൌ 𝑓଴ඨ1 െ
3

𝜋ଶ ∙
𝛼𝐿ଷ𝛽𝑃
8ℎଷ𝑏𝜅

ൎ 𝑓଴ ቆ1 െ
3

𝜋ଶ ∙
𝛼𝐿ଷ𝛽𝑃
16ℎଷ𝑏𝜅

ቇ . (3) 

The resonant frequency under no laser irradiation 𝑓଴ is given by 𝑓଴ ൌ 1.03𝑡/𝐿ଶඥ𝐸/𝜌, where 𝐸 is the Young’s 10 
modulus, 𝜌 is the density, and 𝛼 is the thermal expansion coefficient. The change in thermal stress (∆𝜎 ൌ െ𝛼𝐸∆𝑇) 11 
causes the resonant frequency shift ∆𝑓. The relative resonant frequency shift is calculated as follows. 12 
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𝑓ఙଵ െ 𝑓ఙଶ
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ൎ

3
𝜋ଶ ∙
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∆𝛽 . (4) 

From Eq. (4), we found that the relative resonant frequency shift is linearly proportional to the absorption 13 
change ∆𝛽, which depends on the laser wavelength shift ∆𝜆. We note that the relative resonant frequency shift 14 
increases with the laser intensity 𝑃 and the beam length cubed 𝐿ଷ. 15 

2.2 Device structure and fabrication 16 

The beam was fabricated from the SOI wafer via the standard microfabrication process, and the gold 17 
nanorod absorber at the beam center was fabricated via an electron-beam (EB) lithography-based process. The gold 18 
nanorod length and width were designed to be 500 nm and 50 nm. The nanorods were arranged on a gold thin film 19 
of 100 nm thickness, and the pitches were of 1500 nm and 200 nm. As shown in Fig. 1(c), the thickness of the Si 20 
thin film on the gold nanorods was 100 nm to generate the absorption peak at the target wavelength of approximately 21 
1550 nm in the absorption spectrum. The absorption peaks can be adjusted by the refractive index of the surrounding 22 
medium. In this study, Si was used as the surrounding medium covering gold nanorods. The peak wavelength in the 23 
absorption spectrum shifts with the surrounding dielectric constant [12-29]. 24 

The thicknesses of the device layer, the buried oxide (BOX) layer, and the handle substrate are of 2 μm, 25 
0.5 μm, and 450 μm, respectively. (1) A 10 μm × 10 μm gold pad with a thickness of 100 nm was fabricated on the 26 
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device layer by electron-beam (EB) vacuum evaporation and a subsequent lift-off process. (2) Gold nanorods were 1 
fabricated on the gold pad by EB lithography, EB vacuum evaporation, and a subsequent lift-off process in the 2 
region of 7 μm × 7 μm. (3) After that, the deep hole was fabricated from the backside for the through-hole. 3 
Subsequently, the device layer etching was performed for the beam structure. (4) The BOX layer was removed from 4 
the backside opening. Hence, the length of the backside opening determines the resonator beam length. Five types 5 
of resonators with different beam lengths were fabricated. (5) A Si was sputtered on the resonator beam to form a 6 
Si thin film. 7 

2.3 Analytical and theoretical methods 8 

To validate the theoretical equations and the properties on beam temperature, we performed thermal analysis 9 
using the finite element method (FEM) as well as theoretical calculation. The structure including the BOX layer and the 10 
substrate, as shown in Fig. 1, was used as the analytical model for FEM simulation. The temperature at the substrate 11 
bottom was fixed at the initial temperature of  𝑇଴ ൌ 300 K. The irradiating area of 10 μm × 10 μm, which is equal to the 12 
dimension of the gold pad, was set at the beam center as an absorber pad. A heat quantity of 𝛽𝑃 was applied to the 13 
absorber pad. 14 

2.4 Experimental methods 15 

We measured the reflection spectrum of the absorber 𝑅ሺ𝜆ሻ and calculated the absorption spectrum 𝐴ሺ𝜆ሻ 16 
from the measurement results with 𝐴ሺ𝜆ሻ ൌ 1 െ 𝑅ሺ𝜆ሻ, assuming that the transmission is 0 due to the 100-nm-thick 17 
gold thin film. A 100-nm-thick flat gold thin film on a Si substrate was used as a reference. The wavelength interval 18 
was set to 1 nm. 19 

The vibration measurements were performed using a laser Doppler vibrometer (MLD-230V-100, 20 
NEOARK Corporation, Japan) equipped with 633-nm-wavelength He-Ne laser, as shown in Fig. 2. The device chip 21 
was put in a vacuum chamber at less than 10−3 Pa environment. The NIR evaluation laser irradiates the absorber 22 
with the adjusted wavelength from 1548 to 1562 nm. The wavelength interval was set to 2 nm. We use the 488-nm-23 
wavelength semiconductor laser for a laser oscillation applying a sinusoidal voltage. 24 

3. Results and discussions 25 

3.1 Analytical and theoretical results 26 

Figure 3 shows the longitudinal temperature distribution of the beam calculated using Eq. (1) (solid lines) 27 
and FEM (dotted lines) depending on the beam length. In these calculations, 𝑇଴, 𝛽𝑃, 𝜅, 𝑏 and ℎ were set to 300 28 
K, 0.4 mW, 156 W/m⸱K, 20 μm, and 2 μm, respectively.  29 

The slopes of the temperature distribution are theoretically determined by 𝛽𝑃/𝜅𝑏ℎ not depending on the 30 
beam length. The maximum temperature appears at the center of the beam (laser irradiation position). The average 31 
temperature differences from 𝑇଴ were calculated to be 1.6, 1.2, 0.99, 0.80, and 0.59 K for the beam lengths of 200, 32 
150, 125, 100, and 75 μm, respectively. Equation (2) shows that ∆𝑇 proportionally increased with the beam length. 33 

The slope of the temperature distribution calculated by FEM analysis was the same for the theoretical 34 
calculation. We found the different shapes of the temperature distribution at the beam center because of the 35 
absorption pad. The pad size is much smaller than the beam length. Therefore, the different shape at the beam center 36 
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has little effect on the average beam temperature. The temperature difference from 𝑇଴  at the fixed ends was 1 
simulated to be 0.28 K. The average temperature differences from 𝑇଴ were calculated to be 1.9, 1.5, 1.3, 1.1, and 2 
0.87 K for the beam lengths of 200, 150, 125, 100, and 75 μm, respectively. The difference between the theoretical 3 
and the simulated results corresponds to the temperature at the fixed end. The temperature difference ∆𝑇  was 4 
proportional to the beam length as well as the theoretical calculation. 5 

3.2 Fabrication result 6 

Figure 4 shows the images from the scanning electron microscopy (SEM). The beam length was 188 μm 7 
in this case, shown in Fig. 4(a). We measured the length of 5 devices with different lengths of 200, 150, 100, 75, 8 
and 50 μm, as designed, while the lengths of the fabricated beam were 188, 134, 112, 86, and 62 μm, respectively. 9 
The absorber pad was observed at the beam center. Figures 4(b)-(d) show the gold nanorod array. We successfully 10 
fabricated the gold nanorods covered with the Si thin film. The mean length and width of the nanorods were 501 11 
nm and 67 nm, respectively. The mean thickness of the sputtered Si film was measured to be 61 nm. 12 

3.3 Absorption spectra 13 

The gold nanorod array in the presence of the Si thin film shows the peaks of absorption in the wavelength 14 
from approximately 1400 nm to 1700 nm, as shown in Fig. 5(a-i). The structure without gold nanorods in the 15 
presence of the Si thin film, the flat structure of the Si thin film on the gold thin film, exhibited no absorption peak 16 
and a gradual increase of the absorption with the wavelength, as shown in Fig. 5(a-ii). The gradual increase was 17 
caused by optical interference depending on the thickness of the Si thin film. For the gold nanorod array, in the 18 
absence of the Si thin film, the absorption was low without peaks, as shown in Fig. 5(a-iii). We confirmed that the 19 
Si thin film and the gold nanorods were the valid structure for generating an absorption peak at approximately 1560 20 
nm, as shown in Fig. 5(b). The absorptions at 1548 nm and 1562 nm were 0.376 and 0.395, respectively, resulting 21 
in an absorption difference of 0.019. 22 

3.4 Resonant frequencies 23 

As shown in Fig. 6, the experimental resonant frequency as a function of the beam length under no NIR 24 
laser irradiation agreed with the calculation results, which were proportional to 1/𝐿ଶ according to the theoretical 25 
equation. Figure 7 shows the resonant curves, with and without irradiation by the 1-mW evaluation laser, at a beam 26 
length of 188 μm. A Lorentzian function was used for the fitting curve. The resonant frequencies with and without 27 
the evaluation laser irradiation at a wavelength of 1548 nm were 462.2 kHz and 463.6 kHz, respectively. We 28 
confirmed that the resonant frequency shifted with the laser irradiation and laser wavelength shift. Figure 8 shows 29 
the resonant frequency depending the laser wavelength for a beam length of 188 μm and a laser intensity of 1 mW. 30 
A large resonant frequency shift was observed by varying the laser wavelength in the range from 1548 to 1562 nm. 31 
However, the beam without the absorber exhibited small shifts because of small absorption slopes. The resonant 32 
frequency decreased with increasing the laser wavelength because the absorption increased with increasing the laser 33 
wavelength in the range from 1548 to 1562 nm, as shown in Fig. 5. The maximum relative resonant frequency per 34 
wavelength shift was 68.8 Hz/nm when the wavelength varied from 1552 to 1554 nm.  35 

The relative resonant frequency shift depending on the laser wavelength is shown in Fig. 9. The relative 36 
resonant frequency shift was calculated from the experimental results based on the resonant frequency at 1548 nm 37 
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using ∆𝑓 𝑓ఙ଴⁄ ൌ ൫𝑓ఙ଴ െ 𝑓ఙሺ𝜆ሻ൯/𝑓ఙ଴ , according to Eq. (4). Here, 𝑓ఙ଴  and 𝑓ఙሺ𝜆ሻ  are the resonant frequencies at 1 
evaluation laser wavelengths of 1548 and 𝜆 nm, respectively. The relative resonant frequency shifts for all the cases 2 
when the beam length increased with the laser wavelength. As shown in Figs. 9 and 10, the relative resonant 3 
frequency shift increased with the beam length. In Fig. 10, the dotted line indicates the fitting curve proportional to 4 
the beam length cubed (𝐿ଷ). The experimental result agreed with the theoretical tendency of Eq. (4). We confirmed 5 
that the beam length is a significantly effective parameter for the device design. In a similar fashion, it is expected 6 
that the beam thickness is also significantly effective parameter to improve the sensitivity due to the proportional 7 
relationship to the beam thickness cubed (𝑡ଷ) according to Eq. (4). The resonant frequency linearly decreases with 8 
increasing the laser intensity ranging from 0 to 3 mW for a beam length of 188 μm and a laser wavelength of 1548 9 
nm, as shown in Fig. 11. This tendency was consistent with Eq. (3) as a function of laser intensity 𝑃. The theoretical 10 
equation was validated under the experimental condition used in this study. The temperature at the fixed end of the 11 
beam was set constant, for example, 𝑇଴ ൌ 300 K, as the initial temperature for all beam lengths in the temperature 12 
calculation using Eq. (1) as shown in Fig. 3. The good agreement between the experimental results and the 13 
theoretical equation indicates that the fixed end temperatures were almost the same for all beam lengths in the 14 
experiments, which is because the heat of the beam escapes through a BOX layer for keeping the fixed end 15 
temperature constant. The experiments verified the assumption for developing the equations. We confirmed that the 16 
equations were useful for the device design. 17 

3.5 Detection resolution 18 

Next, we calculated the resolution of the wavelength detection taking into account the thermal-mechanical 19 
noise [40]. The resolution 𝛿𝑓 is given by,  20 

𝛿𝑓 ൌ
1

2𝜋
ඨ

𝑘஻𝑇Δ𝑤
2𝜋𝑓଴𝑀௘௙௙〈𝑥௖

ଶ〉Q
  . (5) 

where 𝑘஻ the Boltzmann’s constant, Δ𝑤 the bandwidth of the vibration measurement system used in this study, 21 
𝑀௘௙௙ an effective mass, and 𝑥௖ the critical vibration amplitude. The Q factor was 1522 for a beam length of 188 22 
μm when a laser intensity of 1 mW and a laser wavelength of 1552 nm were used. The resolution was estimated to 23 
be 0.37 pm using the maximum shift rate of 69 Hz/nm. The result shows high sensitivity for the wavelength detection 24 
for a reliable DWDM system and several applications to optical sensing. 25 

4. Conclusion 26 

This study developed a micromechanical resonator integrated with an optical absorber of Si-covered gold 27 
nanorod array for the detection of laser wavelength shifts of NIR regions ranging from 1548 nm to 1562 nm. The 28 
laser wavelength shift was detected from the resonant frequency shift of the resonator due to the temperature and 29 
thermal stress changes. The Si-covered gold nanorod array exhibited the wavelength depending absorption such that 30 
the wavelength shift caused the temperature change. Moreover, we fabricated a doubly clamped micromechanical 31 
resonator with the absorber. We observed that the fabricated absorber showed the absorption peak at the wavelength 32 
ranging from approximately 1400 to 1700 nm. The resonant frequency decreased when the absorption increased, 33 
indicating a wavelength increment, according to the measured absorption spectrum. The relative resonant frequency 34 
shift was in proportion to the laser intensity (P=0-3 mW) and the beam length cubed (L=62-188 μm). The maximum 35 
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resonant frequency shift was 69 Hz/nm when using a 188-μm long resonator. The tendency of the experimental 1 
results exhibits good agreement with the theoretical equations. The measured Q factor was 1522 at the laser intensity 2 
of 1 mW and the beam length of 188 μm. The detection resolution of the wavelength shift was estimated to be 0.37 3 
pm using the equation considering the thermal-mechanical noise. The detection resolution is expected to be 4 
improved by longer and thinner resonator beam according to the validated theoretical equation. The results of this 5 
study enable us to detect the laser wavelength shift of approximately 1550 nm with high wavelength resolution for 6 
reliable large-capacity DWDM systems. 7 
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Figure captions 1 

Fig. 1. Proposed micromechanical resonator device: (a) Device overview of the doubly clamped beam. The gold 2 
nanorod absorber located at the center; (b) Top view of the gold nanorod array; (c) Absorber Cross-section. 3 

Fig. 2. Schematic representation of detection experimental setup. The evaluation of the laser wavelength ranged 4 
from 1548 to 1562 nm. 5 

Fig. 3. Temperature distributions of the resonator beam along the longitudinal direction depending on the beam 6 
length. A width of 20 μm, a thickness of 2 μm, and 𝛽𝑃 of 0.4 mW were used in this calculation. The dotted line 7 
shows the theoretical results calculated by Eq. (1). The temperature of the fixed ends of the resonator beam was set 8 
to 300 K. The solid line shows the analytical results by FEM simulation. 9 

Fig. 4. SEM images of: (a) overall micromechanical resonator with a beam length of 188 μm; (b) gold nanorod 10 
array from the top view; (c) magnified gold nanorods; (d) cross-sectional gold nanorod. 11 

Fig. 5. Experimental optical absorption spectra. (a) Spectra of (i) the gold nanorod array (AuNR) on the gold thin 12 
film with the Si thin film (Si/AuNR/Au) (red line), (ii) Si thin film on the gold thin film (Si/Au) (blue line), and (iii) 13 
AuNR on the gold thin film without the Si thin film (AuNR/Au) (green line); (b) Enlarged view of the measured 14 
absorption spectrum of Si/AuNR/Au from 1530 to 1570 nm. 15 

Fig. 6. Experimental results of the resonant frequency under no NIR laser irradiation depending on the beam 16 
length. The resonant frequencies were calculated using 𝑓଴ ൌ 1.03ℎ/𝐿ଶඥ𝐸/𝜌, as shown in Section 2. 17 

Fig. 7. Frequency response of micromechanical resonator depending on the irradiated laser wavelength. The 18 
beam length and laser intensity were 188 μm and 1 mW, respectively. 19 

Fig. 8. Resonant frequencies of two devices with and without a nanostructure as functions of the laser wavelength. 20 
The beam length and laser intensity were 188 μm and 1 mW, respectively. 21 

Fig. 9. Relative resonant frequency shifts as a function of the laser wavelength. The beam length varied from 62 22 
μm to 188 μm. The laser intensity was set to 1 mW. 23 

Fig. 10. Relative resonant frequency shifts at a laser wavelength of 1558 nm depending on the beam length. The 24 
fitting results are shown as a dotted line. 25 

Fig. 11. Resonant frequencies at a laser wavelength of 1558 nm depending on the evaluation laser intensity at a 26 
beam length of 188 μm. 27 
  28 
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