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 8 

In this study, we investigated the effect of the resonator beam shape on the thermal stress 9 

and the resonance frequency change when providing heat to the resonator beam by near-10 

infrared laser irradiation. This investigation provides crucial data for optical and heat sensing 11 

application using microresonators. The microresonator beam with an optical absorber for 12 

near-infrared region was fabricated, varying the numbers of beams and corners. When 13 

irradiating the optical absorber with a laser, the resonant frequency decreased. It is because 14 

the photothermal effect provides compressive stress in the beam, resulting in resonant 15 

frequency decrease. The resonant frequency change rate increased with decreasing the 16 

number of beams. According to the analytical results, we confirmed that the analytical 17 

thermal stress determined the resonant frequency change rate in the same beam length. The 18 

corner remarkably decreased the resonant frequency change rate. The straight beams bend 19 

to the orthogonal direction by the thermal expansion of another straight part of the beam, 20 

resulting in deformation of the beam in the axial direction. Therefore, the reaction force and 21 

compressive stress in the axial direction reduces. 22 

  23 
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1. Introduction 24 

The silicon (Si)-based MEMS (Microelectromechanical systems) technology has 25 

been employed for the development of uncooled bolometer-based infrared sensors.1-3) The 26 

bolometer has been used for infrared thermal sensing of automotive applications and so on. 27 

These sensors give us many advantages such as low cost and miniaturization against 28 

compound semiconductors because of Si-based MEMS fabrication process. A sensitivity 29 

enhancement of bolometers is demanded to extend the application. Another approach is an 30 

MEMS resonator, which provides us an ultimate sensitivity such as mass sensing and so on 31 

because the resonant frequency is sensitive to mass, ambient pressure, temperature, and so 32 

on.4-12) A resonator-based infrared sensing with a quartz13,14) or a piezoelectric thin film of 33 

Aluminum nitride (AlN)15-20) has been reported so far. The Si-based resonator has advantages 34 

of compatibility with CMOS and Si MEMS fabrication, and higher quality (Q) factor of 35 

single crystalline material. A wide range of wavelengths, including near-infrared region of 36 

more than around 1100 nm, have recently become crucial for many applications instead of 37 

indium gallium arsenide (InGaAs) detectors. Near-infrared detectors using a clamped 38 

resonator have also been reported so far.21,22) In these studies, the following principle is used 39 

to transduce optical input to resonant frequency shift.23,24) An optical input to a resonator 40 

beam generates heat by photothermal conversion resulting in a temperature rise of the 41 

resonator beam. The temperature rise causes the thermal stress of the resonator beam. It leads 42 

to a resonant frequency shift.25-27) The amount of the input heat and optical intensity is 43 

measurable from the resonant frequency shift. A compressive stress leads to lower resonant 44 

frequency. This principle is expected for Si-based optical sensors with high sensitivity. This 45 

principle can also be applied to thermal sensing.28,29) For higher sensitivity, in the case of 46 

clamped beams, we have to consider two points of high temperature and high compressive 47 

stress of beams. High temperature is realized by low heat conduction of beams, namely 48 

longer beam with smaller cross-sectional area, which will be expressed in the theoretical 49 

section. The temperature and shape of the beam has an effect on compressive stress. The 50 

beam pattern design of the microresonator is significantly essential for highly sensitive 51 

optical sensors. 52 

We consider not only sensing applications but also actuating applications. A resonant 53 

frequency shift of resonators by laser irradiation has also been applied for resonant frequency 54 

tuning.30) On the other hand, resonant actuators such as a micromirror have a problem of 55 

resonant frequency shift due to light irradiation or ambient temperature change. The 56 

compressive or tensile stress due to the temperature change of the whole device chip 57 
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including a package causes resonant frequency shift. For these issues, a resonant frequency 58 

shift should be suppressed. 59 

From these viewpoints, in this study, we investigated an effect of beam pattern on 60 

resonant frequency shift. We fabricated the clamped resonator beam with an optical absorber. 61 

This study used two kinds of beam patterns. One is a straight beam with a different number 62 

of beams, and another is a combination of plural beams with a different number of corners. 63 

We investigated the effects of corners, thermal stress, and deformation of beams on resonant 64 

frequency shift experimentally and analytically. 65 

2. Principle and device structure 66 

2.1 Principle and theoretical equations 67 

A schematic diagram of the Si microresonator device used in this study is shown in 68 

Fig. 1(a). The device was fabricated from an SOI (silicon on insulator) wafer. The device 69 

consists of the clamped beam, the optical absorber located at the beam center, and the 70 

through-hole. The beam vibrates in an out-of-plane direction. A laser was irradiated to the 71 

optical absorber so that the beam temperature rises. It produces a compressive thermal stress 72 

to a clamped beam. It results in a shift of mechanical resonant frequency of the beam. 73 

For simplicity of a theoretical equation, we consider the straight beam with a uniform 74 

cross-sectional area shown in Fig. 1(b) and (c) as a model for a theoretical equation. 75 

Temperature change ΔT when a laser with an intensity P is irradiated to the center (x = 0) of 76 

the beam with length l, width w, and thickness t is represented as the following equation. 77 
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Here, κ is thermal conductivity, and we adopt absorption Δβ to the optical absorber. Thermal 78 

stress change Δσ due to temperature change ΔT is calculated using the following equation. 79 
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Here, E and α is young’s modulus and thermal expansion coefficient, respectively. Finally, 80 

we obtain resonant frequency fλ under laser irradiation P and resonant frequency change rate 81 

Δf/f0 as follows. 82 
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Here f0 is original resonant frequency under no laser irradiation. We obtained the following 83 

properties from the equations described above. Resonant frequency fλ decreases with laser 84 

intensity P. Resonant frequency change rate Δf/f0 is linearly proportional to temperature 85 

change ΔT, laser intensity P, a cube of beam length l, and inversely proportional to beam 86 

width w. Temperature change ΔT is linearly proportional to beam length l. 87 

2.2 Beam pattern 88 

Figure 2(a) shows an example of the resonator pattern. The resonator is structured 89 

such that beams support the center pad. The resonator length is determined by the size of the 90 

through-hole provided in the buried oxide (BOX) layer of the SOI wafer. The width w and 91 

the thickness t of the beam were 10 µm and 1.5 µm, respectively. The BOX layer thickness 92 

is 0.25 µm. The size of the center pad and the absorber were set to 40 µm × 40 µm and 20 93 

µm × 20 µm, respectively. 94 

We designed two kinds of device structures in order to investigate the effect of the 95 

resonator beam shape on the thermal stress and resonance frequency change, as shown in 96 

Fig. 3. One is the resonator pattern with the different number of supporting beams between 97 

the center pad and the fixed ends. The device is named “Device A”. We fabricated one beam 98 

(A1), two beams (A2), and three beams (A3) for one side, as shown in Fig. 3 (A1)-(A3). One 99 

beam length is 180 μm. Another is the resonator pattern with the different number of corners 100 

in supporting beams, as shown in Fig. 3 (B1)-(B9). This device has two supporting beam for 101 

one side based on the device A2. The device is named “device B”. The number of corners 102 

varied to 0 (A2), 1 (B1), 2 (B2), 3 (B3), 4 (B4), 5 (B5), 8 (B8), and 9 (B9) for one beam. We 103 

designed the beam length as shown in Fig. 3(c). The sum of the straight part in one beam is 104 

constant (180 μm) for all devices. 105 

2.3 Device fabrication 106 

The device was fabricated using the standard MEMS fabrication process as follows. 107 

The fabrication started from the SOI wafer. (a) The pattern of gold thin film with a thickness 108 

of 100 nm was fabricated by photolithography and subsequent electron beam (EB) vacuum 109 

evaporation for the lift-off process. Gold nanowires were fabricated using an EB lithography 110 

based lift-off process. A sputtered Si was deposited and then patterned for gold nanowire 111 

covering. (b) The through-hole was fabricated by deep-RIE (reactive ion etching) from the 112 

backside of the Si substrate. (c) The resonator beam structure was patterned by Si etching. 113 

(d) The BOX layer was removed by buffered hydrofluoric acid (BHF) from the backside of 114 

the through-hole. Figure 4 shows the SEM images of the fabricated devices. 115 



Template for JJAP Regular Papers (Jan. 2014) 

2.4 Optical absorber 116 

A gold nanowire structure was located at the center of the device as an absorber for 117 

photothermal conversion in the near-infrared region. The designed width, height, and pitch 118 

of gold nanowires were 100 nm, 50 nm, and 750 nm. The thickness of the coating Si was 119 

approximately 118 nm. The sputtered Si was required in order to obtain absorption peaks in 120 

the near-infrared region. 121 

Figure 5 shows the SEM images and the measured absorption spectrum of the 122 

absorber, corresponding to Fig. 2(b). The absorption shown in Fig. 5 was calculated 123 

subtracting the measured reflection from 100% because of the transmission of the gold thin 124 

film as shown in Fig. 2(c) is considered to be 0%. The absorption spectrum shows some 125 

peaks with high absorption in the near-infrared region. 126 

3. Measurement and analytical method 127 

3.1 Experimental method 128 

The resonant frequency characteristics of the resonator device were measured with a 129 

laser Doppler vibrometer and a ceramic piezoelectric actuator. The device chip was put on a 130 

ceramic piezoelectric actuator in order to excite the resonator. A laser Doppler vibrometer 131 

using a He-Ne laser (wavelength 632.8 nm) was used for an amplitude measurement. It 132 

irradiated the Si surface of the center pad with a He-Ne laser. We used a wavelength-tunable 133 

laser to irradiate the absorber on the resonator beam. A lock-in amplifier (Zurich Instruments 134 

Ltd., MFLI) was used to control the applied voltage to the ceramic piezoelectric actuator and 135 

to obtain the output signal from the laser Doppler vibrometer. The device chip was put in a 136 

vacuum chamber at a pressure of 10−2 Pa or less. The laser intensity to the absorber was 137 

controlled to 1, 0.9, 0.8, 0.7, 0.6, 0.5, and 0 mW at the laser wavelength of 1530 nm. The 138 

excitation voltage of the ceramic piezoelectric actuator was set to 4 mV. We swept excitation 139 

frequency and then acquired the first-appeared resonant frequency in each measurement, 140 

indicating the resonant frequency of the primary mode. In order to accurately analyze the 141 

resonance peak from the frequency response curve obtained in this experiment, fitting was 142 

performed using the Lorentzian function. 143 

3.2 Analytical method 144 

In order to investigate the effect of the resonator shape on the thermal stress and 145 

resonance frequency change, we calculated the thermal stresses generated by laser 146 

irradiation and the resonant frequency shifts of each device by FEM (Finite Element Method) 147 

simulation. The calculation method is explained below. 148 
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Heat conduction, thermal stress, and resonant mode analyses were performed using 149 

the commercially available FEM software. The analysis model was simplified to the 150 

freestanding beam part of the device. The design dimension was used for the dimensions of 151 

FEM models. The both ends of the beam were mechanically fixed. The temperature at the 152 

fixed ends was set to 27 oC (300 K). A heat generation region, which is the size of the gold 153 

nanostructure, was set on the pad surface of 25 µm×25 µm in the center of the pad. We set 154 

the heat input of 0.4 mW to the absorber, corresponding to P=1 mW laser irradiation and 155 

β=40% absorption to the absorber. 156 

Then we explain the characterization method for thermal stress using the schematics 157 

of the device B1 as shown in Fig. 6. The thermal stresses in an axial direction at the left, 158 

center, and right points on the cross-section of the beam were extracted from the calculation 159 

results. The three points of left edge, center, and right edge were set to the center in the 160 

thickness direction. Then an average of three points was calculated except for the corner part. 161 

The total average of stress was also calculated for each device. 162 

4. Results and discussion 163 

4.1 Experimental results 164 

Figure 7(a) shows the measurement results of resonance curves when the device with 165 

two straight beam at one side (A2) was irradiated with a laser from 0.5 to 1 mW of intensity. 166 

The resonance peak shifted to lower frequency with increasing the laser intensity. It is 167 

because compressive stress was applied to the beam by temperature rise. 168 

Figure 7(b) shows the resonant frequencies of each device (A1, A2, and A3) as a 169 

function of the laser intensity P mW. The resonant frequency decreased linearly with 170 

increasing the laser intensity. The experimental results show the same tendency as the 171 

theoretical equation (Eq. (3)). It is because of thermal compressive stress linearly increased 172 

with laser intensity (Eq. (2)). Figure 7(c) shows the resonant frequency change rate, which 173 

was defined by Eq. (4), depending on the laser intensity. The resonant frequency change rate 174 

increased linearly as the laser intensity increased. This tendency is also consistent with the 175 

theoretical equation (Eq. (4)). The slope of decrease in resonant frequency varied depending 176 

on the number of beams. Figure 7(d) shows the resonant frequency change rate as a function 177 

of the number of beams when irradiating with a 1 mW laser. The measured change rate of 178 

the resonant frequency was inversely proportional to the number of beams. The experimental 179 

results indicate the same tendency as the theoretical equation of Eq. (4) because the increase 180 

in the number of beams indicates the increase in width of beam w resulting in low thermal 181 
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conduction and higher temperature. 182 

Figure 8(a) shows the resonant frequency change rate as a function of the number of 183 

corners when irradiating the device B with a 1 mW laser. The original resonance frequencies 184 

f0 of the device B1-B9 were 128.8, 99.1, 132.3, 107.9, 112.9, 75.4, and 68.3 kHz, respectively. 185 

The resonant frequency decreased with increasing the number of corners in the calculation 186 

because the actual length of a beam increased when including the square at the corner as 187 

shown in Fig. 3. According to the SEM images shown in Fig. 4, however, the length of the 188 

fabricated beams became shorter than the design model because the through hole became 189 

small. The error of the device 1, 3, and 5 was significant. The resonant frequency change 190 

rate increased linearly with laser intensity. Comparing the device A2 without a corner to the 191 

device B1 with a corner, the resonant frequency change rate significantly reduced by a corner 192 

in the beam, as shown in Fig. 8(b). The resonance frequency change rate of the device B1 193 

with one corner showed −1.48×10−3 indicating 98.8% decrease from −125×10−3 of the 194 

device A2 without a corner. The resonant frequency change rate increased with increasing 195 

the number of corners from one (B1) to nine (B9). 196 

4.2 Analytical results 197 

First, the analytical results of thermal stress distribution of the device B1 and A2 are 198 

shown. Figure 9 shows the FEM analysis results of the thermal stress at three points on the 199 

cross-sectional area of the beam as a function of distance from the start point, as shown in 200 

Fig. 6. The data of the upper right beam was used in four beams. Positive and negative values 201 

indicate tensile and compressive stresses, respectively. The average stress of the three points 202 

at the left edge, center, and right edge of each distance was calculated. The average stresses 203 

of 3 points of device B1 and A2 along the axial direction were also shown in Fig. 9. Figure 204 

10 shows the average stress of 3 points and the total average of all stress data of each device. 205 

Figure 11 shows contour plots of deformation due to thermal expansion of B1 and A2. 206 

According to Fig. 9(a) for the device B1, the compressive and tensile stresses at the 207 

left and right edges switches at the distances of approximately 38 and 128 μm. A protruding 208 

thermal compressive stress appears at the left edge beside the corners at the distance of 90 209 

μm from the start point, as shown in Fig. 9(a). The stress at the left and right edges of the 210 

beam shows the compressive and tensile stresses at each position according to the 211 

deformation of the beam. The compressive and tensile stresses of the left and right edges 212 

were canceled out each other. The average stress along the axial direction at the straight part 213 

of the beam was almost the same as the stress at the center. We calculated the total average 214 

of the average cross-sectional stress for each device. The total average stress was calculated 215 
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to be −27.8 kPa, and it was similar to the stress of −29.1 kPa taking from the straight part of 216 

the beam, as shown in Fig. 10(a). 217 

On the other hand, the device A2 without a corner has only compressive stress, as 218 

shown in Fig. 9(b). The stress distribution of A2 was similar to that of B1. No protruding 219 

stress was observed because of no corner. The stress at the center is representative. The total 220 

average of the stress also can express the device stress, as shown in Fig. 10(b) as well as the 221 

device B1. The total average of the device A2 was −1.94 MPa, and it was much larger than 222 

that of the device B1. Figure 7(d) also shows the analytical results on the resonant frequency 223 

change rate and thermal stress. The experimental resonant frequency change rate of the 224 

device A was in good agreement with the analytical results. We consider the small difference 225 

between them is because of the dimensional error in the fabrication. It shows the same 226 

tendency as the total average of the thermal stress. We confirmed that the total average of 227 

the thermal stress could be used for the evaluation of the resonant frequency change rate. 228 

According to Fig. 8(b), the experimental results of B1 (1 corner) and A2 (0 corner) show 229 

good agreement with each other and the same tendency as the total average of the thermal 230 

stress. 231 

Figure 12 shows the average thermal stresses of the devices B1, B2, and B3 as a 232 

function of distance from the start point. The stress distributions of the devices B1, B2, and 233 

B3 are similar. A protruding thermal compressive stress beside corners were observed. The 234 

constant stress at the straight part of the beam was observed in the devices B2 and B3 data 235 

as well as the device B1. The constant stress increased with the number of corners. As shown 236 

in Fig. 8(b), the experimental and the analytical resonant frequency change rate, and the total 237 

average of the thermal stress show a similar tendency. The differences of resonant frequency 238 

in the device B between the experimental and the analytical results were larger than that of 239 

the device A. The reason is thought to be also the dimensional error as the device A. However 240 

the error is more significant when a through hole design is small, resulting in a smaller hole 241 

than the model. It leads to a shorter length beam as mentioned in 4.1. The dimensional error 242 

has a small influence on the resonant characteristics. However, the tendency of the resonant 243 

frequency change rate shows good agreement with the calculation. In order to discuss the 244 

effect of corners, the dimensional error is not significant. 245 

4.3 Discussion 246 

In this section, we discuss the relationship between the total average of thermal stress 247 

and the resonant frequency change rate. 248 

The much lower change rate of the resonant frequency of the device B1 is because 249 
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of lower compressive stress than that of the device A2. According to Fig. 11(a), the straight 250 

beams bend to the orthogonal direction by the thermal expansion of another straight part of 251 

the beam, resulting in the deformation of the beam in the axial (longitudinal) direction. 252 

Therefore, the reaction force and compressive stress in the axial direction reduces. According 253 

to the deformation shown in Fig. 11(b), the beams bend outward because of the central pad 254 

expansion. However, the deformation in the axial direction is small enough to hold 255 

compressive stress in the axial direction. In the device A2, the deformation of orthogonal 256 

direction can be ignored for the resonant frequency change rate. 257 

According to Fig. 8(b), the resonant frequency change rate and the total average of 258 

thermal stress increased with the number of corners from one (B1) to nine (B9). We consider 259 

that it is because of temperature increases with the number of corners. We designed the 260 

dimension of the device B so that the total length of the straight part of one beam from the 261 

central pad is 180 μm, excepting the corners. Figure 13 shows the maximum temperature in 262 

the beam calculated by FEM simulation when the number of beam corners varied. The 263 

maximum device temperature increased linearly as the number of corners increased, 264 

resulting in thermal stress increase. This is because the actual length of a beam increased 265 

with the number of beams when including the square at the corner. The temperature increases 266 

with the length as shown in Eq. (1). That is the reason why the resonant frequency change 267 

rate and the thermal compressive stress increased with the number of corners. 268 

5. Conclusions 269 

In this study, in order for optical sensing and actuating application of a 270 

microresonator device, effects of the number of beams and the number of corners were 271 

experimentally and analytically investigated. As an experimental result, it was confirmed 272 

that the resonance frequency decreased as the laser intensity increased. It is because 273 

compressive stress was applied to the beam by temperature rise. The measured change rate 274 

of the resonant frequency was inversely proportional to the number of beams because of 275 

lower thermal conduction and higher temperature of the beam. The resonance frequency 276 

change rate of the device B1 showed −1.48×10−3 indicating 98.8% decrease from −125×10−3 277 

of the device A2. It is because the total average of the device B1 was −27.8 kPa, and it was 278 

much lower than −1.94 MPa of the device A2. The straight beams bend to the orthogonal 279 

direction by the thermal expansion of another straight part of the beam, resulting in 280 

deformation of the beam in the axial direction. Therefore, the reaction force and compressive 281 

stress in the axial direction reduces. The resonant frequency change rate and the total average 282 
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of thermal stress increased with the number of corners from one (B1) to nine (B9). We 283 

consider that it is because of temperature increases with the number of corners. We 284 

confirmed that the corner in the resonator beam has considerable effects on the response of 285 

resonant frequency shift to light or heat input. 286 
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Figure Captions 340 

Fig. 1. Overview of a resonator vibrates in the out-of-plane direction by external excitation. 341 

An optical absorber is mounted on the center of the beam. (a) Schematic of the device 342 

fabricated from an SOI wafer. (b) A-A’ cross-section. (c) B-B’ cross-section. This structure 343 

was used for theoretical calculation. 344 

 345 

Fig. 2. Overview of fabricated device with one beam for one side (A1 device). (a) Top view 346 

of the device. Beams support the center pad on both sides. An optical absorber was mounted 347 

on the center pad. The absorber has gold wires covered by sputtered Si.    348 

 349 

Fig. 3. Beam pattern variations of Device A and B. Beam patterns are clipped, which is 350 

defined by the size of through-hole. The narrow beam length is 180 µm at one side in Device 351 

A. The total length of each beam is 180 µm in Device B.  352 

 353 

Fig. 4. SEM images of the fabricated devices of Device A and B. The scale bars indicate 200 354 

µm. 355 

 356 

Fig. 5. SEM image (a) and absorption spectrum in the near-infrared region (b) of the 357 

fabricated optical absorber of sputtered Si/Au nanowire/Au thin film/Si. The absorption 358 

spectrum was obtained from the reflection spectrum measured by microspectroscopy of 359 

nanowire area. 360 

 361 

Fig. 6. Analytical data points of stress along the beam. The axial stress at the three points, 362 

left edge, center, and right edge of the beam, in the cross-sectional view, are used for thermal 363 

stress evaluation. All points are half the beam thickness. The average of these three stresses 364 

is defined as the thermal stress for each cross-section. 365 

 366 

Fig. 7. Experimental and analytical results for Device A. (a) Resonance curves of the two-367 

beams device (A2) irradiated with near-infrared laser. Laser intensity varied from 0.5 to 1 368 

mW. (b) Measured resonant frequencies and (c) resonant frequency change rates as a 369 

function of laser intensity P and the number of beams (A1-A3). The dotted line indicates 370 

analytical results calculated by FEM simulation. (d) Experimental and analytical resonant 371 

frequency change rate, and analytical thermal stress as a function of the number of beams 372 

(A1-A3).  373 
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 374 

Fig. 8. Experimental and analytical results for Device B. (a) Measured resonant frequency 375 

change rates as a function of laser intensity P and the number of corners (B1-B9). (b) 376 

Experimental and analytical resonant frequency change rate, and analytical thermal stress as 377 

a function of the number of corners (B1-B9). 378 

 379 

Fig. 9. Analytical results of thermal stress distribution depending on a distance from the start 380 

point in cases of (a) B1 and (b) A2. Thermal stress was calculated as 3-point average of the 381 

cross-section of the beam. 382 

 383 

Fig. 10. Analytical results of 3-point average stress depending on a distance from the start 384 

point and the total average of stress in cases of (a) B1 and (b) A2.  385 

 386 

Fig. 11. Deformation distributions calculated by FEM simulation in cases of (a) B2 and (b) 387 

A1. 388 

 389 

Fig. 12. Analytical results of thermal stress distribution depending on a distance from the 390 

start point in cases of B1, B2, and B3. Thermal stress was calculated as 3-point average of 391 

the cross-section of the beam. (a) Full range, (b) restricted range. 392 

 393 

Fig. 13. Analytical maximum temperature of beam as a function of the number of corners. 394 

 395 
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