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Robustness of Pressure Sensors with Piezoresistive Nanogauges up to 522°C

This paper examines the robustness of pressure sensors fabricated with the M&NEMS technology at high temperature for industrial applications. Thermal cycling up to 522°C showed good reproducibility of results. Comparison of sensor sensitivity before and after thermal cycling was very satisfactory with a variation in the range of 4-5%. The wafer level packaging of the sensor withstands very well these temperatures and it can be improved even further by changing the metallization of the pads in order to achieve even higher temperatures.

Introduction

Various industries such as automotive (100°C -350°C), petroleum (150°C -300°C), aerospace (-60°C -900°C) and nuclear plants (30°C -250°C) but also material engineering (300°C -900°C) demand sensors working at harsh environments (high temperature). Pressure sensors operating at high temperatures have been a challenge for more than one decade. Various materials such as SiC [START_REF] Okojiet | Operation of a (6H)-SiC pressure sensor at 500°C[END_REF], GaN [START_REF] Kim | Piezoelectric pressure sensor based on flexible gallium nitride thin film for harsh-environment and high-temperature applications[END_REF], ceramic [START_REF] Subbiah | High-Temprature Pressure Sensor Package and Characterization of thermal stress in the assembly up to 500[END_REF] have been used for the fabrication of high temperature sensors. Okojie et al. [START_REF] Okojiet | Operation of a (6H)-SiC pressure sensor at 500°C[END_REF] published in 1998 a SiC pressure sensor exhibiting operation at 500°C for several hours. Silicon has not been not much considered for high temperature applications due to the mechanical properties' change above 500°C. In fact, according to Kroetz et al. [START_REF] Kroetz | Silicon compatible materials for harsh environment sensors[END_REF], silicon becomes plastically deformable under mechanical stress above 500°C. However, the plastic deformation arrives at stress above 3GPa [START_REF] Korte | Deformation of silicon -Insights from microcomptression testing at 25 -500°C[END_REF] while below this limit we are still in the elastic region.

In this context, we wanted to evaluate an existing silicon only technology for use at temperatures up to 600°C. During the last years, MEMS pressure sensors based on the M&NEMS technological platform were developed for commercial [START_REF] Rey | Ultra-compact and highly sensitive pressure sensor based on nano-gauge detection and cointegrated with inertial sensors[END_REF] and automotive applications [START_REF] Souchon | High-performance MEMS pressure sensor fully-integrated with a 3-axis accelerometer[END_REF]. These devices use piezoresistive suspended silicon nanogauges as the sensing element. Typically, these devices were designed for a temperature range between -35°C and 150°C. However, there is an increasing interest in implementing similar devices functioning up to 600°C for industrial applications. This paper examines the feasibility and robustness of such a device based on the current technology used for the M&NEMS sensors. Temperature cycling associated with electrical and functional characterization of the pressure sensors is performed to examine the robustness of the current pressure sensors and determine the potential weaknesses of the M&NEMS platform.

Pressure sensor

The pressure sensor that is assessed in this paper is a barometer. An airtight membrane, placed between outside pressure and a low pressure cavity, is deformed under atmospheric pressure effect. This membrane is implemented in the 500nm thick NEMS layer of the M&NEMS process along with the two piezoresistive nanogauges. A circular rigid piston, etched in the 20µm thick MEMS layer and linked to the center of the membrane, transfers membrane deformation to a lever arm. The lever arm, held by a hinge, compresses/stretches the two nanogauges placed under rotation axis (see Fig. 1).

A schematic cross-section of the M&NEMS technology is shown in Fig. 2. A cointegration with an accelerometer was performed on this chip. On the schematic we distinguish the membrane and the piston of the pressure sensor, the accelerometer proof-mass and an accelerometer nanogauge. As one can see, the nanogauges are inside the vacuum cavity located between the cap and the device wafers and thus not exposed to exterior conditions. The sealing ring is implemented with AlGe alloy technology via eutectic bonding [START_REF] Ju | High Vacuum and High Robustness Al-Ge Bonding for Wafer Level Chip Scale Packaging of MEMS Sensors[END_REF]. The circular pressure sensor membrane is 60µm in diameter and 500nm thick. The nanogauges' dimensions are 500nm x 500nm x 6µm corresponding to the thickness, width and length respectively and the doping level is 5×10 19 at.cm -3 . The nanogauge resistance is 800 Ohm when the pressure sensor's membrane is flat (vacuum conditions). The two nanogauges are electrically connected in a half-Wheatstone bridge (see Fig. 3). In general, each nanogauge is polarized with a DC current of 1mA and the voltage output at the two nanogauges extremities is measured with a fourpoint probe measurement. When a pressure is applied on the membrane, the stretching of one nanogauge and the compression of the other induce a bridge unbalance which is converted into a voltage signal proportional to the pressure measurement. mA current each and the voltage variation at the extremities of the half bridge is measured in a four-point probe configuration. A fifth probe is needed to ground the potential between the two nanogauges.

Experimental results

Experimental set-up for high temperature

The high temperature measurements were performed in a four-point probe station INSTEC (see Fig. 4) which allows heating up the samples up to 1000°C. After the chamber was put under vacuum, the nanogauges resistance was measured throughout the thermal cycling. Since there are only four probes available in this bench, the gauges' resistances were measured one by one and not simultaneously. This means polarizing with 1mA one gauge and measuring ∆V, then do the same with the second gauge. The potential between the two nanogauges is always grounded thanks to the fourth probe. The difference between the two successive measurements gives the total potential difference on the RR bridge. The electrical measurements were performed with a current source Keithley 2400 and a multimeter Keithley 2000. 

Thermal cycling

Before performing the thermal cycling, we calibrated the temperature on the chuck with a thermocouple in order to know the real temperature that the sensor is experiencing. The temperature profile used for these measurements, shown in Fig. 5, is a succession of 20°C/min temperature ramps and 1h steps. The temperature limit for M&NEMS technology has been identified: higher than 522°C the AlSi metallization of the pads is altered. In fact, the alteration of the AlSi metallization happens between 522°C and 569°C; as we performed steps of 50°C we were not able to determine more precisely the temperature limit. However, this could be done in the future with more samples.

The goal of this thermal cycling is to check the integrity of the nanogauges and the hermeticity of the AlGe sealing process up to 522°C. To perform the test, one probe connects the ground -between the two nanogauges -and two probes are used for the voltage measurement; finally the last probe is used for current polarization. The resistance measurements are quite repeatable throughout the first 3 cycles (see Fig. 6). Afterwards, the damage of the pads metallization due to mechanical scratching (repeated contacting) alters the contact resistance. However, we can conclude at this stage that the nanogauges are not impacted by the high temperature cycling. To validate the sealing airtightness at high temperature, a temperature cycle up to 522°C was performed at atmospheric pressure. Then, the two nanogauges are unbalanced due to the pressure difference between the sealed cavity and the applied pressure. As can be seen in Fig. 7, this unbalance remains at least until 522°C, proving that there is no high leak from the cavity and sealing airtightness is probably preserved. After cycling, an electrical measurement is performed at room temperature. We find similar resistance values as in the beginning of the cycle: 734 Ohm instead of 744 Ohm (-1.3%) for R1 and 934 Ohm instead of 938 Ohm (-0.4%) for R2. These data support the fact that the pressure inside the cavity remains the same. Fig. 7. Nanogauges resistance evolution during one thermal cycle under atmospheric pressure. At atmospheric pressure the two nanogauges are unbalanced as the pressure inside the sensor cavity is vacuum.

Experimental set-up for sensitivity measurements

Before the thermal cycling presented in 3.2, the whole 200mm wafer was tested using a semiautomatic prober of SUSS MicroTec (see Fig. 8). This semi-automatic prober allows to achieve high vacuum conditions well below 1mbar. Then, the wafer was diced in order to perform measurements with the INSTEC probe station which has a chuck a few centimeters wide. In order to characterize the pressure sensors after the thermal cycling we used a built-in small pressure chamber with a LCC48 socket. The pressure sensors were glued into LCC48 ceramic carriers with the SEH X32 2398 glue. Four bumps were performed in the middle of the carrier sides in order to elevate the chip and another four bumps were performed at the corners of the chip in order to hold it. A wedge bonding with aluminium 25µm wires was used. A PACE6000 controller (see Fig. 9) was used for setting and controlling the pressure inside the chamber. The PACE6000 operates with two input ports: one for high pressure and one for low pressure. The low pressure port is driven by a vacuum pump; however there are important pressure fluctuations at this port preventing measurements at very low pressures. For this reason, the low pressure is limited at 200mbar.

Due to the vacuum control and electrical connections (probes or bonding), the experimental set-up for sensitivity measurements before and after temperature cycling is not exactly the same. In fact, the wafer before dicing is held mechanically and electrical contact is made by probes; this could result in supplementary mechanical stress on the wafer lever. Bonding could alter the mechanical stress on the device level too modifying the sensor sensitivity. However, the same apparatus are used for the electrical measurements: two Keithley 2400 current sources and a Kethley 2000 multimeter. 

Sensitivity results

Since the metallization of the pads is damaged by multiple contacting, a twin pressure sensor placed in the same MEMS cavity, has been used to measure the sensitivity before and after temperature cycling. The twin pressure sensors have shown the same sensitivity, 224mV/mA/bar, from the wafer level characterization. We observed a small decrease of the sensitivity after thermal cycling of the order of 6% (see Fig. 10(a)). This difference could be attributed to the change of mechanical stress on the device level due to dicing, thermal cycling and bonding process. Also, the thermal cycling could contribute to a stabilization of the performances of the pressure sensor with respect to a device that has just been fabricated. Another two pressure sensors with a slightly different design were submitted to the same thermal cycling with similar results with a sensitivity decrease in the order of 4-5% (see Fig. 

Perspectives

This was a preliminary study to determine the potential of the M&NEMS technology as high temperature pressure sensors. Now that he robustness of these pressure sensors up to 522°C was proven we need to perform further thermal cycling in order to examine if there are any failures. In order to increase the number of thermal cycles the process has to be automated and performed without electrical measurements in parallel. This can prevent pads' damage due to repeated contacting.

The failures that we envisage are not related to the mechanical structure of the device since it is totally in silicon. The melting point of Si is about 1400°C which is far above the thermal budget applied on the device (522°C). Our concerns are focused more on the AlSi metallization and the AlGe eutectic sealing under long term thermal stress. During future work we will also study the replacement of AlSi alloy metallization by high temperature resistance metals such as tungsten.

Conclusions

M&NEMS pressure sensors were characterized under thermal cycling and their robustness up to 522°C has been proven. The main identified limit comes from the AlSi metallization. This point could be easily improved, notably by using another type of metallization such as tungsten. These results are quite promising for the development of high temperature pressure sensors based on the M&NEMS technology with minor changes. Further investigation with higher number of thermal cycles is envisaged in order to identify potential device failures with repeated cycling.
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 1 Fig. 1. SEM photograph (top-view) of a M&NEMS pressure sensor. The membrane is hidden under the piston. The piston is connected to the lever arm that stretches one nanogauge and compresses the other.
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 2 Fig. 2. Cross section of a M&NEMS chip. There is a cointegration on this chip of a pressure sensor and an accelerometer. Concerning the pressure sensor, the membrane and the piston are shown as well as the reference cavity which is under vacuum (1 mbar).
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 3 Fig. 3. Electrical circuit used for the measurement of the pressure sensor. The two nanogauges are polarized with 1mA current each and the voltage variation at the extremities of the half bridge is measured in a four-point probe configuration. A fifth probe is needed to ground the potential between the two nanogauges.
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 4 Fig. 4. INSTEC probe station with four arms used for the temperature cycling along with nanogauge resistance measurements.
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 5 Fig. 5. Temperature profile used for cycling the pressure sensors. These values correspond to the real temperature on the chuck.

Fig. 6 .

 6 Fig. 6. Temperature profile used for cycling the pressure sensors. These values correspond to the real temperature on the chuck.
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 8 Fig. 8. Semi-automatic prober that enables high vacuum measurements. It was used to the test the pressure sensors on a 200mm wafer before dicing.
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 9 Fig. 9. PACE6000 pressure controller.

  Fig. 10. (a) Pressure sensor PS1 shows a sensitivity decrease of about 6% after thermal cycling. (b) Pressure sensor PS2 shows a sensitivity decrease of about 4% after thermal cycling. (c) Pressure sensor PS3 shows a sensitivity decrease of about 5% after thermal cycling.