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MEMS accelerometers have been widely used in various applications with a wide range of signal levels and bandwidth. Therefore it is desired to have a sensor whose characteristics such as sensitivity and bandwidth can be reconfigured/tuned depending on specific applications. This paper presents a reconfigurable/tunable z-axis accelerometer whose mechanical resonant frequency, sensitivity and sensing bandwidth can be tuned by the electrostatic spring softening effect. The proposed accelerometer was designed using a commercial 0.35 μm CMOS foundry service. The tuning electrodes were implemented in the metal and polysilicon layers in the standard CMOS process. An on-chip chopper stabilized readout circuit was designed to convert the capacitance signal to a voltage readout. The sensing structure was released by post-CMOS wet metal etching. Measurement results showed the proposed accelerometer had a sensitivity of 12 mV/g in the range of 0–5 g. The sensitivity and bandwidth tuning ranges are 50% and 18%, respectively, for an applied tuning voltage of 25 V. The demonstrated device is the first reconfigurable/tunable CMOS-MEMS accelerometer in the literature to our best knowledge.
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1 INTRODUCTION
MEMS accelerometers have been widely used in various applications such as automotives, consumer electronics, industrial sensing, and health monitoring. The signal bandwidth in these applications varies significantly, as shown in Table 1. For example, the acceleration frequency range in automotive application is up to 400 Hz (Yazdi et al., 1998). In human activity monitoring, the acceleration signals are typically sampled at 25–40 Hz (Mathie et al., 2001; Bulling et al., 2014). For physiological signals, the normal respiration rate is 0.1–0.5 Hz (Morillo et al., 2010) while the cardiac signals has a bandwidth of 5–35 Hz (Kwon et al., 2011). Accelerometers are also used to measure heart sound between 20 and 500 Hz (Hu and Xu, 2012). Therefore it is desired to have a sensor whose characteristics such as the bandwidth and sensitivity can be reconfigured/tuned depending on the requirements from specific applications.
TABLE 1 | Signal bandwidth for accelerometer applications.
[image: Table 1]Tunable MEMS accelerometers have been demonstrated over the past years. Most tunable accelerometers use electrostatic force to tune the effective spring constants in the device. For example, SOI technology was employed to implement an in-plane tunable resonant accelerometer where back-to-back tuning electrodes were used to enhance the sensitivity via the electrostatic spring softening effect (Xiong et al., 2021). For a bias voltage of 67 V, the sensitivity was increased from 492 Hz/g to 2,277 Hz/g in static tests. In (Daeichin et al., 2019), a two-layer polysilicon surface micromachining process was employed to fabricate a torsional out-of-plane accelerometer. In contrast to the more commonly used electrostatic attractive force, electrostatic repulsive force due to a bias voltage of 40–60 V was used in this device to tune its resonance frequency and sensitivity without suffering from the pull-in effect. In (Fain et al., 2018), a standard MEMS fabrication process was used to fabricate an in-plane rotational accelerometer. The tuning voltage up to 4.5 V was applied to the seismic mass through a RC network to control the sensing bandwidth. The resulting electromechanical torque effectively changed the quality factor and inertia in the equation of the motion of the sensor.
The tuning electrode configuration in tunable accelerometers based on the spring softening effect can be roughly divided into two categories: comb fingers for in-plane movement/sensing (Park et al., 1999; Zotov et al., 2015; Ding et al., 2017) and parallel-plate electrodes for out-of-plane movement/sensing (Lee et al., 2000; Caspani et al., 2014). In (Guo et al., 2021), both comb fingers and parallel-plate capacitors were used to control the in-plane stiffness-tunable accelerometer. As will be discussed in the following sections, the tunability and tuning voltage of electrostatic tuning are closely related to the gaps of the tuning electrodes. The smaller the gaps, the lower the tuning voltage and the easier the accelerometers can be tuned. For comb fingers, the vertical gaps are typically defined by photolithography and etching processes. In contrast, the gaps in parallel-plate electrodes are the thickness of deposited thin films if the gaps are formed by removing the sacrificial layers. Even though these parameters depend on specific device design and fabrication processes, the parallel-plate electrodes adopted in this study would have potentially smaller gaps and better tuning characteristics than the comb finger electrodes.
Design and fabrication of MEMS sensors using commercial CMOS foundry services enable on-chip integration with front-end readout circuits to reduce the effects of parasitics and noises and improve the sensor performance. The integration of sensors and readout circuits on a single chip can also help reduce the overall packaging and manufacturing cost. Such integrated CMOS-MEMS sensors have been demonstrated in accelerometers (Lemkin and Boser, 1999; Jiangfeng Wu et al., 2004; Hongwei Qu et al., 2008; Tan et al., 2011; Tsai et al., 2012; Chiu et al., 2013; Chiu et al., 2014; Chiu et al., 2016; Chiu et al., 2017; Chiu et al., 2019), gyroscopes (Jiang et al., 2000; Xie and Fedder, 2001; Sun et al., 2011), pressure sensors (Jang and Yun, 2017; Liao et al., 2021), inclinometers (Chiu et al., 2015), mass sensors (Verd et al., 2008; Wei and Lu, 2012), humidity sensors (Dai, 2007; Lazarus et al., 2010) and flow sensors (Liao et al., 2013). In addition to reducing noise and amplifying signals, the on-chip circuitry can also be used to drive actuators for feedback control and self testing (Lemkin and Boser, 1999). Among these integrated sensors, accelerometers have been under intensive studies. However, tunability has not been demonstrated in integrated CMOS-MEMS accelerometers to the best of our knowledge.
This paper presents a reconfigurable/tunable z-axis accelerometer implemented with the CMOS-MEMS technology. The mechanical resonant frequency and thus the sensing bandwidth and sensitivity can be tuned by the electrostatic softening effect. The proposed sensor was designed using a commercial 0.35 μm CMOS foundry service. The tuning electrodes were implemented in the metal2 (M2) and polysilicon layers in the standard CMOS process. The sensing structure was released by post-CMOS wet metal etching. In the device design, the sub-micron tuning gap formed by removing the metal1 (M1) layer in the CMOS process allows low tuning voltage and good tunability. An on-chip chopper stabilized readout circuit was designed to convert the capacitance signal to a voltage readout and reduce the effects of parasitics and noises.
2 MATERIALS AND METHODS
2.1 Operation Principle
An accelerometer can be modeled as a second-order spring-mass-damper system. As shown in Figure 1A, the equation of motion of a conventional micro accelerometer is
[image: image]
where a is the acceleration to be measured, z is the displacement of the shuttle mass, m is the mass, b is the damping constant, and km is the mechanical spring constant. Under a harmonic excitation at angular frequency ω, the above equation can be written as
[image: image]
where A and Z are the amplitudes of acceleration and displacement, respectively, ω0 = (km/m)1/2 is the resonance frequency, and Q = mω0/b is the quality factor. Eq. (2) is in fact the mechanical sensitivity of the accelerometer Sm. For quasi-static operation, the signal frequency ω is much lower than the resonance frequency ω0. Thus the accelerometer sensitivity Sm can be approximated as
[image: image]
[image: Figure 1]FIGURE 1 | Operation principles of (A) conventional micro accelerometer and (B) proposed reconfigurable/tunable accelerometer.
The above equation shows there is a trade-off between the sensitivity and the bandwidth of a conventional accelerometer, and both parameters are pre-determined by the mechanical design of the device. For tunable accelerometers whose characteristics such as bandwidth and sensitivity can be controlled by an external signal, the spring constant is typical used as the tuning parameter since the mass is difficult to change. As shown in Figure 1B of the proposed tunable accelerometer, a pair of tuning electrodes is added to the bottom of the shuttle mass to tune the total spring constant and thus the resonance frequency of the device. When a tuning voltage Vp is applied to the tuning electrodes, an electrostatic force Fe is generated,
[image: image]
where [image: image] is the permittivity of free space, S is the electrode area, and d is the tuning electrode gap. The incremental electrostatic force ΔFe due to a small displacement Δz corresponds to a spring with a negative spring constant,
[image: image]
where the negative spring constant [image: image] can be controlled by the tuning voltage Vp. The characteristics of the proposed electrostatically tunable accelerometer in Figure 1B are similar to those of conventional devices except that the total spring constant is softened by the negative electrostatic spring and becomes [image: image]. Thus the resonance frequency becomes
[image: image]
The resonance frequency and thus the sensing bandwidth and sensitivity can be tuned by Vp according to specific application requirements. In Eqs 5, 6, the spring softening effect is inversely proportional to d3. Therefore, devices with small tuning gap d, such as the proposed device in this study, will have potentially low tuning voltage and good tunability.
2.2 Device Design
The sensing structures of the proposed accelerometer, including the shuttle mass, suspension springs and sensing electrodes, were implemented in the back-end-of-line (BEOL) metal and oxide stacks in a standard 0.35 μm CMOS process that offers two polysilicon layers and four metal layers. The tuning electrodes were implemented in the metal and polysilicon layers. The sensing capacitances Cs in Figure 1B are out-of-plane comb finger capacitances. An on-chip chopper stabilized readout circuit was designed to convert the capacitance change to a voltage signal.
2.2.1 Accelerometer Design
The schematic top view of the proposed accelerometer is shown in Figure 2A. The shuttle mass of 315 × 315 μm2 area is suspended by four springs. Comb fingers are used for capacitive sensing. Etching holes of 10 × 10 μm2 area and spaced by 15 μm are designed to facilitate the post-CMOS release etching. The meander springs have a width of 3 μm and segment length of 118 μm. The total thickness of the structure is 5.73 μm, as shown in Figure 2B. Among the multiple metal layers in the CMOS process, only the M2 layer is used in the shuttle mass and springs for signal routing. The mass, spring constants, and resonance frequencies obtained by theoretical calculation and finite-element-method (FEM) simulation by using Coventorware are summarized in Table 2.
[image: Figure 2]FIGURE 2 | (A) Top view and (B) cross sectional view of proposed accelerometer.
TABLE 2 | Device design parameters.
[image: Table 2]As shown in Figure 2B, the tuning electrodes are implemented in the M2 and Poly1 layers. The electrodes are covered by 1 μm thick SiO2 and have a gap of 0.665 μm. The dielectric constant of SiO2 is 3.9, therefore the effective gap deff between the metal electrodes is 1.18 μm. The pull-in voltage VPI for the tuning electrodes can found as.
[image: image]
The small pull-in voltage, enabled by the small tuning gap, indicates typical CMOS circuits can be used to control and tune the characteristics of the sensor. Figure 3 shows the FEM simulation of the electrode displacement vs the applied tuning voltage Vp. The smaller pull-in voltage (∼0.85 V) found in the simulation is attributed to the fringing effect of the edges of the etching holes that contributes extra effective area to the electrode area S.
[image: Figure 3]FIGURE 3 | Pull-in voltage simulation.
The sensing capacitors are vertical differential capacitors proposed in (Xie and Fedder, 2000). As shown in Figure 4, the M2-M4 layers in the fixed comb fingers are connected by vias to be the common electrodes. The common electrodes form a pair of differential capacitors Ctop and Cbottom between the M4 and M2 electrodes in the moveable electrodes, respectively. In the proposed accelerometer, the gap between the comb fingers electrodes is 1.5 μm. The overlap length between the fingers is 90 μm. From the FEM simulation, the total sensing capacitance at rest is 234 fF and the capacitance sensitivities of the accelerometer are 1.9 fF/g and 2.8 fF/g for Ctop and Cbottom, respectively.
[image: Figure 4]FIGURE 4 | Differential sensing capacitors.
2.2.2 Readout Circuit Design
An on-chip chopper stabilized circuit was integrated with the sensor to convert the capacitance signal to a voltage output (Lemkin and Boser, 1999; Jiangfeng Wu et al., 2004). The chopper stabilized circuit can reduce the effect of noise and improve the signal-to-noise ratio and resolution of the sensor. The circuit was designed and implemented with a 3.3 V supply voltage. Figure 5A shows the overall schematic of the integrated readout circuit in this work. Four differential sensing capacitors form a fully differential capacitive bridge. The capacitive signals ±ΔC are modulated by the high frequency carriers [image: image] and [image: image] at 500 kHz. The high frequency signals are amplified by the fully differential amplifier A1 and gain amplifier A2. The input nodes of A1 are biased by a pseudo-resistors Rf of about 8 TΩ. The feedback capacitors Cf convert the capacitance signal to a voltage signal. The pole of the RfCf network was designed at 0.2 Hz to avoid signal attenuation. The fully differential amplifiers in A1 and A2 are two-stage operational amplifiers shown in Figure 5B. The output DC bias was designed at VDD/2 = 1.65 V. The circuit characteristics of semiconductor integrated circuits can be affected by process variations and need to be considered in circuit simulation. The open-loop gain ADC, phase margin PM, unit-gain bandwidth BW, and current consumption I of the two-stage operational amplifier obtained from simulation at various process corners (T: typical, F: fast, S: slow) for a capacitive load Cload = 2 pF are summarized in Table 3. The closed-loop gains of the fully differential amplifier A1 and the gain amplifier A2 at the chopping frequency 500 kHz are 6.5 dB and 20 dB, respectively. The demodulator, as shown in Figure 5C, is composed of four switches controlled by the two non- overlap clock signals [image: image] and [image: image]. The switches are implemented by transmission gates to allow larger signal swing. After demodulation, a RC low-pass filter based on a fully differential folded cascode amplifier A3, as shown in Figure 5D, is used to remove the harmonics and noise and restore the original signal. The corner frequency of the RC filter was designed at 20 kHz. Figure 6 shows the simulation of the readout circuit, including (A) the equivalent input signal at the input of A1 and (B) the demodulated output signal at the output of A3. From the simulation, the circuit has a sensitivity of 5.2 V/g and consumes 15.3 mW at 3.3 V supply voltage. The large sensitivity was designed for potential application in low signal scenarios such as physiological monitoring in Table 1. Figure 7 shows the chip layout, including multiple design variations and test devices.
[image: Figure 5]FIGURE 5 | Schematics of (A) on-chip chopper stabilized readout circuit, (B) fully differential amplifiers A1 and A2, (C) demodulator, (D) fully differential folded cascode amplifier A3.
TABLE 3 | Simulated characteristics of the two-stage fully differential amplifier in this work.
[image: Table 3][image: Figure 6]FIGURE 6 | Simulation of readout circuit, (A) input signal, (B) demodulated output signal.
[image: Figure 7]FIGURE 7 | Chip layout.
3 RESULTS
After the chip was fabricated and delivered by the foundry, post-CMOS processes were carried out to release the sensing structure. Various mechanical, electrical, and acceleration tests of the sensor are discussed in the following sections.
3.1 Post-CMOS Release
Figure 8 shows the process flow of the post-CMOS release process. As shown in Figure 8A, the passivation above the vertical etching paths was removed in the CMOS fab. The as-received chip was immersed in the metal etchant H2SO4+H2O2 (3:1) at 100 °C for 1.5 h to etch the aluminium metal and tungsten via in the etching paths and the M1 sacrificial layer. This process released the movable structure and formed the tuning gap, as shown in Figure 8B. A laser cutting system was used to remove the passivation and expose the contact pads for wire bonding (Figure 8B). Figure 9A shows the scanning electron microscope (SEM) view of the released device. Figure 9B shows a focused ion beam (FIB) cut at the center of the proof mass, showing a gap of 11.8 μm between the proof mass and the substrate surface. The released device was then mounted on a piezoelectric actuator and tested for mechanical resonance by laser Doppler vibrometry. Figure 10 shows a resonance frequency of 10.6 kHz and indicates the device was successfully released.
[image: Figure 8]FIGURE 8 | Post-CMOS release process, (A) as-received chip, (B) after wet metal etching and laser pad opening.
[image: Figure 9]FIGURE 9 | Released device, (A) SEM micrograph, (B) FIB cut.
[image: Figure 10]FIGURE 10 | Mechanical resonance test.
3.2 Acceleration Test
In acceleration tests, static and dynamic accelerations were applied to the proposed sensor and the signals from the readout sensing circuits were observed. The integrated sensor chip was mounted on a printed circuit board (PCB) with other passive electronic components and connectors for testing. The test board and sensing circuits were powered by a Keithley 2,400 source meter. A Tektronix AFG 3102 function generator was used to supply the chopping/modulation signal. The output signals were observed and recorded with a Rohde and Schwarz RTO 1004 oscilloscope. The data sampling frequency fs was set at 4.5 kHz in the oscilloscope. In static acceleration tests, the test PCB was mounted on a rotation stage and rotated various angles θ with respect the earth gravity. The component of the earth gravity projected on the sensing axis was used as the static acceleration input [image: image], where g = 9.8 m/s2 is the gravitational acceleration. Figure 11 shows the measured DC output voltage Vout as a function of the input acceleration aext. From the measured data, the sensitivity of the integrated sensor is 37 mV/g.
[image: Figure 11]FIGURE 11 | Static acceleration test.
In dynamic acceleration tests, the test board was mounted on a Modal Shop 2007E shaker controlled by the Tektronix AFG3102 function generator. The built-in waveform generator in a Keysight DSOX1102G oscilloscope and a PiezoDrive PDX150 amplifier were used to supply the tuning voltage Vp to tune the mechanical resonance frequency of the sensor. A commercial accelerometer (PCB Piezotronics 352C65) was mounted on the shaker to monitor and calibrate the vibration magnitude. The test parameters in the dynamic acceleration tests include the frequency of the acceleration fin, the amplitude of the acceleration aext, and the tuning voltage Vp. Figure 12 shows the outputs from the proposed accelerometer and the commercial accelerometer in a typical experiment. It can be seen that their waveforms match each other quite well. This verifies both the sensor and the sensing circuit were functioning properly.
[image: Figure 12]FIGURE 12 | Measured output signal waveforms of (A) proposed accelerometer and (B) commercial accelerometer for fin = 100 Hz, aext = 5 grms and Vp = 0 V.
In dynamic tests, a sinusoidal acceleration was applied and the AC output Vout from the sensing circuits was captured by the oscilloscope. The recorded data were processed with Fast Fourier Transform (FFT) to find the corresponding signal strength as well as various harmonics, interferences, and noise components in the frequency domain. Figure 13A shows the measured sensor output Vout for various input acceleration. The measured sensitivity is about 12 mV/g. Figure 13B shows the power spectral density obtained by FFT for aext = 1 grms and fin = 100 Hz. The peak at the excitation frequency 100 Hz is the signal tone; the peaks at multiple excitation frequencies (200 Hz, 300 Hz, etc.) are distortion harmonics; and the peaks at multiples of the 60 Hz power line frequencies are power noise. By excluding the harmonics and power line noise, the noise floor can be calculated as 3.1 mg/rtHz.
[image: Figure 13]FIGURE 13 | Dynamic acceleration test results, (A) Vout vs aext for fin = 100 Hz and Vp = 0 V, (B) output power spectral density for aext = 1 grms, fin = 100 Hz and Vp = 0 V, (C) sensitivity for aext = 5 grms and Vp = 0 V, (D) reconfigurability/tunability test for aext = 5 grms and fin = 100 Hz.
The sensor was also subjected to accelerations at various frequencies and the output is shown in Figure 13C. While remaining relatively constant, the sensitivity does increase slightly in the range of test frequency up to 250 Hz. It was later found that the PCB on which the sensor chip, circuit components and connectors were mounted had a resonance frequency of about 600 Hz. Therefore the PCB resonance can interfere with the tests and cause the apparent increase of sensitivity.
The reconfigurability/tunability of the proposed sensor was verified by applying a tuning voltage Vp to the tuning electrodes while keeping the other test parameters constant. The applied voltage causes the spring softening effect which reduces the total spring constant and increases the sensitivity, according to Eq. 3. As shown in Figure 13D, the sensitivity increases with the applied voltage Vp and has a sudden drop when the applied voltage is above 30 V. The sensitivity drop is attributed to the pull-in effect because the movable shuttle mass is snapped to the substrate by the electrostatic force and can no longer respond to the inertial force due to the external acceleration. For the applied tuning voltage up to 25 V in Figure 13D, the sensitivity tuning range is about 50% and implies a bandwidth tuning range of 18%.
4 DISCUSSION
There are certain discrepancies between the characteristics from measurement and design. The possible causes are discussed in the following. The proposed accelerometer was designed based on the nominal process data such as the material properties and thickness of various metal and oxide layers disclosed by the CMOS manufacturing foundry. However, it is known that these BEOL thin films have residual stress that can cause the released MEMS structures to deform. The characteristics of the deformed device will then deviate from the original design. Generally speaking, devices with larger dimensions and more compliant structures, such as inertial sensors, are prone to larger deformation and related reliability problems in the presence of residual stress. On the other hand, devices with smaller dimensions or more rigid anchoring constraints, such as resonators or pressure sensors, tend to have less deformation and more reproducible characteristics. The residual stress in the deposited films in CMOS processes has been studied in the literature (Yen et al., 2011; Cheng et al., 2015; Tsai et al., 2015; Valle et al., 2017; Valle et al., 2021) but has not been well characterized and controlled in the fab. This is one of the reasons that pure monolithic CMOS MEMS devices are rare in the commercial products.
The accelerometer proposed in this study has a 315 × 315 μm2 proof mass which is suspended by four springs. The tuning gap underneath the square proof mass is designed to be 0.665 μm, which is the thickness of the sacrificial M1 layer. However, as shown in Figure 9B, the gap between the release structure and the bottom tuning electrode can be as larger as 11.8 μm. Figure 14A further shows the white light interferometric measurement of the surface topology of a released device. Figure 14B is a line scan of the surface height through the center of the proof mass. It can be seen that the suspended proof mass is warped and elevated from the surface of the chip by up to about 13 μm, agreeing with the results from the FIB experiment. The raised structure and enlarged gap have several effects on the device performance:
1. The movable and fixed sensing fingers will no longer level with each other in the z axis as shown in Figure 4. Thus the sensing capacitance C0 can be reduced and the differential capacitance signal ±ΔC may not work as expected. This is potentially the main reason why the measured sensitivity is much smaller than the designed value.
2. Since the tuning gap increases from less than 1 μm in the original design to more than 10 μm in the measured device, the pull-in voltage VPI and thus the tuning voltage Vp will be increased significantly. The pull-in voltage estimated in Eq. 7 based on the ideal gap of 0.665 μm is about 1.0 V. If the gap is increased to 12 μm but the other device parameters remain ideal, the pull-in voltage will increase to about 47 V, which is close to the measured value.
3. In addition to the enlarged tuning gap, the residual stress and/or the post-CMOS release process may cause non-uniform deformation. As shown in Figure 14C, while the proof mass is successfully released and suspended, the free ends of the springs bend down toward the substrate surface. If any of the free ends of the meander springs touches and sticks to the substrate, the effective spring constant will increase and possibly cause the measured resonance frequency (10.6 kHz) in Figure 10 to be higher than the simulation value (5.7 kHz) in Table 2. The increased resonance frequency also contributes to the reduction of sensitivity.
[image: Figure 14]FIGURE 14 | (A) White light interferometric measurement of the surface topology of a released device, (B) line scan of surface height through AA′, (C) SEM view of suspended proof mass and bent down spring.
The stress-induced deformation in CMOS MEMS devices with various BEOL metal layers and metal-oxide stacking structures have been studied in (Cheng et al., 2015; Tsai et al., 2015; Yen et al., 2011; Valle et al., 2017; Valle et al., 2021). However, it is known from the literature and our own experience that the residual stress and induced deformation is difficult to control and reproduce. The effect of stress induced deformation on the performance of capacitive CMOS-MEMS accelerometers can be alleviated by curl matching frames (Xie and Fedder, 2000), which were adopted in the proposed device. In the thermomechanical simulation in the device design, proof mass deformation similar to the measured result in Figure 14 was observed, but the deformed movable and fixed sensing fingers remained leveled to each other relatively well thanks to the matching frame. In the actual released device in Figures 9, 14, however, the height difference between the two sets of fingers are 3–5 μm, which is much higher than expected from simulation. Since the residual stress in CMOS processes is difficult to control and predict, this issue needs to be tackled from other aspects. From the structural design point of view, Tsai et al. proposed a pure-oxide design, instead of the conventional metal oxide stacking design, to reduce the thermal deformation (Tsai et al., 2015). In the current proposed accelerometer, a planar metal layer was used for the tuning electrode. Thus the pure oxide proof mass design in (Tsai et al., 2015) is not applicable. However, the metal tuning electrode in the current device can be replaced with the Ti/TiN electrode as demonstrated in (Chen et al., 2019) in the future work. The proof mass will be composed of a thick oxide layer (4–5 μm) and a much thinner Ti/TiN electrode (0.14 μm) in the bottom. Thus the oxide proof mass will remain less deformed in the presence of stress from the thin electrode layer. In addition, the thermal expansion coefficients of various materials in the BOEL layers are 0.5, 23, 8.6, 9–10 ppm/K for SiO2, Al, Ti, and TiN, respectively. Therefore the thermal mismatch can also be reduced in the Ti/TiN electrode design compared with the current Al electrode design. Yen et al. showed thick and symmetric metal-oxide stacking realized by wet oxide etching can be used to significantly reduce the deformation in the presence of residual stress (Yen et al., 2011). Such structural design and post-CMOS processing will also be considered in future design to alleviate the stress-induced deformation. It is noted that all the suspended structures, including the proof mass, sensing fingers, and curl matching frames, need to be designed with the same layer stacking in order to compensate for any residual stress that can not be fully predicted in the design phase.
The performance of the proposed reconfigurable/tunable CMOS-MEMS capacitive accelerometer is compared with other integrated CMOS-MEMS capacitive accelerometers in the literature, as shown in Table 4. Even though the stress-induced deformation has deteriorated the performance of the proposed device, its reconfigurability/tunability is clearly demonstrated.
TABLE 4 | Performance comparison.
[image: Table 4]5 CONCLUSION
This paper presents a reconfigurable/tunable z-axis accelerometer based on the electrostatic spring softening effect. The proposed monolithic accelerometer and on-chip readout circuits were implemented by using a commercial 0.35 μm 2P4M CMOS foundry service. The tuning electrodes were designed in the metal and polysilicon layers in the BEOL CMOS process. The sensing structure was released by post-CMOS wet metal etching. Measurement results showed the proposed accelerometer had a sensitivity of 12 mV/g in the range of 0–5 g. The sensitivity and bandwidth tuning ranges are 50% and 18%, respectively, for an applied tuning voltage of 25 V. The measured characteristics deviated from the design values due to severe residual stress induced structural deformation.
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