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Abstract

:

Most current thermal MEMS use fragile structures such as thin-film membranes or microcantilevers for thermal isolation. To increase the robustness of these devices, solid thermal insulators that are compatible with MEMS cleanroom processing are needed. This work introduces a novel approach for microscale thermal isolation using porous microstructures created with the recently developed PowderMEMS wafer-level process. MEMS devices consisting of heaters on a thin-film membrane were modified with porous microstructures made from three different materials. A thermal model for the estimation of the resulting thermal conductivity was developed, and measurements for porous structures in ambient air and under vacuum were performed. The PowderMEMS process was successfully used to create microscale thermal insulators in silicon cavities at the wafer level. Measurements indicate thermal conductivities of close to 0.1 W/mK in ambient air and close to 0.04 W/mK for porous structures under vacuum for the best-performing material. The obtained thermal conductivities are lower than those reported for both glass and porous silicon, making PowderMEMS a very interesting alternative for solid microscale thermal isolation.
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1. Introduction


Thermal MEMS rely on the generation and/or absorption of heat at the microscale. Following simple resistive heaters, the three main classes of thermal MEMS are sensors, actuators, and energy harvesters. In the field of sensors, applications span from the detection of infrared radiation (IR) to calorimetric flow sensors, thermal accelerometers, and a variety of different gas-sensing principles [1,2,3,4,5,6]. Thermal actuators rely on the controlled deformation of a MEMS structure upon heating and cooling of defined areas. The main applications are as micromechanical switches and as tilt-actuators for micromirrors [7,8]. Thermal MEMS energy harvesters exploit the thermoelectric or pyroelectric effect to generate electrical energy from temperature gradients to power low-energy devices such as wearable sensors or implants [9].



Most thermal MEMS require the confinement of heat generation or absorption in a well-defined area to function. This necessitates the use of thermal isolation strategies that are, however, not trivial to implement due to the high thermal conductivity of monocrystalline silicon. The most common approach is to remove as much silicon as possible around the thermally active microstructure, which is mostly a metal thin-film. This can be achieved by creating thin-film membranes, suspension by microcantilevers, or the complete removal of any substrate leaving only the free-standing metallization [10]. All these approaches have the drawback that they create fragile structures with MEMS processes that are often difficult to control, as film stresses need to be carefully adjusted to prevent buckling or outright failure of the structures. Furthermore, suspended microstructures and thin membranes are sensitive to damage by vibration or pressure shocks, limiting their use in rough environments.



The previously mentioned challenges have led MEMS designers to consider the use of thermally isolating bulk materials. The two main materials are glass and porous silicon. Both materials offer thermal conductivities that are more than two orders of magnitude lower than that of monocrystalline silicon [11,12,13]. Although suitable for some applications, these values are still much larger than the thermal conductivities that can be achieved with structures such as thin-film membranes or cantilevers [14,15].



Recently, PowderMEMS, a novel back-end-of-line (BEOL) compatible process for the creation of porous microstructures at the wafer level, has been described [16]. In brief, the process begins with the introduction of a dry loose powder into microcavities formed by, e.g., deep reactive ion etching (DRIE) [17]. Atomic layer deposition (ALD) is then used to agglomerate the loose powder in situ. Finally, the wafers are cleaned of any unwanted powder residues and are ready for further processing under standard MEMS cleanroom conditions. In previous work, the use of PowderMEMS structures for energy harvesting and zero-powder wakeup [18,19], permanent micromagnets and magnetic position detection [20,21], and the creation of liquid-cooled microscale inductor cores [22] has been presented.



In this work, a novel approach for the thermal isolation of MEMS components based on PowderMEMS microstructures is presented. The process was used to create porous structures at the wafer level inside microcavities beneath thin-film membranes with embedded heaters. A thermal model was developed to estimate the resulting thermal conductivities of the structures. Since the thermal conductivity of porous structures is strongly reduced once the mean free path length of the gas inside the structure approaches the pore size (Knudsen effect) [23], measurements were performed both in ambient air and under vacuum.




2. Materials and Methods


2.1. Sensor Layout


The devices used in this work were originally designed as multipurpose sensors to measure flow, temperature, and conductivity in drinking water [24]. Figure 1a gives a general overview of the sensor design, including all active electrodes and the connecting traces. In this work, only the structure originally designed to work as a calorimetric flow sensor was used. The structure consists of two intertwined thin-film molybdenum (Mo) heaters with electrical connections facilitated by an AlCu0.5 thin film. Depending on the substrate used for processing, these heaters are located either on a thin-film membrane (blue area in Figure 1b) or directly on the substrate.




2.2. Sensor Fabrication


All sensors use the same frontside layout (Figure 1) and are fabricated on 725 µm thick, 8-inch silicon, or Borofloat 33 glass wafers (Figure 2). The frontside thin-film stack comprised of passivation layers, a heater, and metal traces with bond pads (not shown in Figure 2), is always manufactured using the same mask set and the same materials. In the case of silicon-based sensors, an additional mask is used to define the regions for backside etching.



On silicon substrates, the fabrication of the devices starts with the deposition of 5 µm silicon oxide by plasma-enhanced chemical vapor deposition (PECVD), acting as electrical and thermal isolation to the substrate. Then, 150 nm molybdenum (Mo), the material for the heaters, is sputtered. After the 1st lithography, the Mo is patterned by reactive ion etching (RIE) followed by resist removal and surface cleaning (Figure 3a). A quantity of 1 µm of PECVD silicon nitride is then deposited to seal the Mo pattern. After the 2nd lithography, contact holes to the Mo layer are created by RIE (Figure 3b). Next, sputtering of 1 µm AlCu0.5 is followed by the 3rd lithography and the patterning of the metal by RIE (Figure 3c). Another 0.5 µm of PECVD silicon nitride is then deposited as protection for the AlCu0.5 traces. After the 4th lithography, the bond pads are exposed by RIE. The total thickness of the PECVD-Si3N4 passivation above the Mo heaters is 1.5 µm. The cross-section in Figure 3d depicts the device after completion of all frontside processes. For backside etching, the substrate is turned upside down. After the 5th lithography (backside), the silicon substrate beneath the membrane area is completely removed by deep reactive ion etching (DRIE). Figure 3e shows a corresponding cross-section after resist stripping in O2 plasma.



Sensors on glass (Figure 2b) are processed in the same way as illustrated in Figure 3, but omitting both the first 5 µm PECVD silicon oxide layer and the backside processing. Figure 4 presents a schematic cross-section through the finished device.




2.3. PowderMEMS Modification


The three powders used in this work were “Aeroperl (AP) 300/30” a specially granulated form of pyrogenic silicon dioxide (Evonik, Essen, Germany) with    D  50   = 33   µ m  , silicon nitride (Sigma Aldrich, Schnelldorf, Germany) with    D  50   < 10   µ m  , and glassy carbon (Sigma Aldrich, Germany) with    D  50   = 2 − 12   µ m  .



To obtain test structures in accordance with Figure 2c, the frontside of the substrate is coated with photoresist and laminated with UV tape to protect it during subsequent processing. Next, the wafers are transferred from the cleanroom into the dedicated PowderMEMS lab. In this lab, loose, dry powder is filled into the backside cavities and then agglomerated into solid 3D-microstructures by atomic layer deposition (ALD) of 75 nm Al2O3 at 75 °C [16]. Figure 5 shows a cross-section through a sensor after PowderMEMS processing (Figure 2c), UV tape detachment, and photoresist stripping in O2 plasma.




2.4. Measurement Setup


After dicing of the finished wafers, individual chips are mounted onto custom printed circuit boards (PCBs) (Figure 6a). The PCBs are designed with a hole located beneath the backside cavity of the chip (Figure 6b). Electrical connections from the chip to the PCB are made by ultrasonic aluminum wire bonding. Finally, a sealing compound is dispensed around the outer perimeter of the chip to ensure a vacuum-tight seal.



Figure 7 shows a custom chuck that enables the creation of a vacuum inside the porous PowderMEMS structure. The vacuum port (Figure 7a) lines up with the hole in the PCB (Figure 7b). The port is then connected to a turbopump via plastic tubing.



Electrical measurements are performed by connecting one terminal of the thin-film heater to a controllable voltage source (LabJack U6, LabJack, Lakewood, CO, USA). The second terminal is connected to ground via a series resistor. By measuring the voltage drop across the known series resistor, the heating current is obtained. Using the calculated current and by measuring the voltage drop across the thermistor, the resistance of the thermistor is then derived using Ohm’s law.




2.5. Measurement Principle and Simulation Model


Figure 8 shows a simple 2D thermal model of a heater on a thin-film membrane on top of a porous structure. If the heater is powered with a constant power    P 0   , it will be at overtemperature  T  above the ambient temperature.  T  is dependent on the thermal conductivities of the gas above the membrane (   λ  G a s    ), the porous structure below the membrane (   λ  P o r    ), and the membrane itself (   λ  M e m    ).



The power    P 0    that is needed to maintain a constant  T  can thus be written as the sum


   P 0  =  G  G a s    λ  G a s   T +  G  M e m    λ  M e m   T +  G  P o r    λ  P o r   T  



(1)




with factors  G  that are dependent on the individual geometry of the MEMS device [25]. By rearranging Equation (1), an expression for  T  in terms of the heating power and the thermal conductivities can be found as


  T =    P 0     G  G a s    λ  G a s   +  G  M e m    λ  M e m   +  G  P o r    λ  P o r      



(2)







The thermal resistance    R  T h     of the device, which is defined by the change in  T  with respect to    P 0   , can then be found by taking the partial derivative of Equation (2) with respect to    P 0   , yielding


   R  T h   =  ∂  ∂  P 0     ( T )  =  1   G  G a s    λ  G a s   +  G  M e m    λ  M e m   +  G  P o r    λ  P o r      



(3)







Since both products    G  G a s    λ  G a s     and    G  M e m    λ  M e m     remain constant, they can be combined into a single constant  K , and Equation (3) reduces to


   R  T h    (   λ  P o r    )  =  1  K +  G  P o r    λ  P o r      



(4)







By solving Equation (4) for    λ  P o r    , the final model that allows for the determination of the thermal conductivity of the porous microstructure from the measured thermal resistance    R  T h     is found to be


   λ  P o r    (   R  T h    )  =   1 −  R  T h   K    R  T h    G  P o r      



(5)







As the geometry factor    G  P o r     and the combined constant  K  cannot be found analytically for a complex 3D geometry such as the one used in this work, they are determined by the finite element method. For this, models representing the sensor on both a thin-film membrane within a silicon frame and directly on a glass substrate were developed in COMSOL Multiphysics (see Figure 9). All lateral dimensions correspond to the actual devices (see Figure 1). The vertical stack is simplified to aid meshing. To simulate devices manufactured on glass wafers, the silicon substrate and backside cavity are replaced by a glass domain.



In the case of the silicon model, the vertical stack consists of 725 µm monocrystalline silicon (   λ  S i   = 130   W / mK  ) followed by 5 µm silicon oxide (   λ  S i  O 2    = 1.4   W / mK  ). On top of this layer, all metals are structured in a single layer of zero thickness. For simplicity, all passivation layers are combined into a single 1.5 µm silicon nitride layer (   λ  S  i 3   N 4    = 3   W / mK  ) [26,27] on top of the metal layer. The thermal conductivity of the volume of the cavity under the membrane can be varied according to the value of    λ  P o r    . For the glass model, the silicon oxide membrane layer is omitted, and the metal layer sits directly on top of the 725 µm thick substrate (   λ  B f 33   = 1.1   W / mK  ) [28]. The passivation layer is the same as that of the silicon model. Boundary conditions are chosen corresponding to the experimental conditions. For the top surface, a COMSOL-provided model for conductive/convective heat flux from a horizontal plate into ambient air (296.15 K) is used. All other outer boundaries are set to be at a constant ambient temperature of 296.15 K. The heat source is realized as a boundary heat source corresponding to the geometry of one of the Mo heaters (Figure 9b). The input parameters of the model are thus the heating power    P 0   , which is dissipated from one of the Mo heater boundaries, and, in the case of the silicon sensor, the thermal conductivity    λ  P o r     of the porous domain inside the backside cavity. The output parameter of the model is the temperature  T  of the heater, which is measured as the average temperature of the heated Mo heater boundary.





3. Results


3.1. Measurement of the TCR


For the determination of the temperature coefficient of resistance (TCR) of the Mo heater structures, wafer-level measurements were carried out. The wafers were placed on a heated chuck and the electrical resistance of the heaters was recorded during a temperature sweep from 30 to 90 °C in steps of 20 °C. The average TCR of the Mo thin film in this temperature range was found to be   T C  R  M o   = 2.38 ·   10   − 3      K  − 1    , which is lower than that of the bulk material [29].




3.2. PowderMEMS Microsctructures


Figure 10 shows micrographs of the sensors with PowderMEMS microstructures inside the backside cavity. The structures are readily visible through the optically transparent membrane stack. The optically invisible ALD layer envelops and connects each particle to its neighbors, forming a solid porous structure. The ALD layer also connects the particles to the inside walls of the backside cavity, and to the underside of the membrane, leading to mechanical stabilization of the membrane.




3.3. Thermal Conductivity of the PowderMEMS Microstructure


As described previously, the basic strategy to obtain the thermal conductivity    λ  P o r     of the porous 3D microstructures is to measure the thermal resistance    R  T h     of the sensor by applying a voltage sweep to one of the Mo heaters and then using the model presented in Equation (5) to calculate    λ  P o r    . The first step is to determine the model constants  K  and    G  P o r     by 3D FEM simulation of the sensor geometry.



3.3.1. Quality of FEM Simulation and Fitting of Thermal Model


To evaluate the quality of the FEM model, measurements of    R  T h     were taken of unmodified (i.e., empty backside cavity) membrane sensors and sensors processed on a glass substrate in ambient air because, for these cases, the thermal conductivities of the media beneath the sensors are known. The measured values were compared with values obtained by FEM simulation. The results are presented in Table 1 and show that the simulated values closely match the measurements.



To obtain values for the model constants  K  and    G  P o r     by FEM simulation, a sweep of    λ  P o r     was carried out and the resulting values for    R  T h     were calculated and normalized with respect to the value obtained for ambient air. The thermal model presented in Equation (5) was then fitted to the resulting data points, yielding values for   K = 0.83   m   and    G  P o r   = 6.66   m  . Both the simulated data points and the resulting fitted curve are presented in Figure 11.



Using the obtained values, the thermal model presented in Equation (5) can then be written as


   λ  P o r    (   R  T h , n o r m    )  =   1 − 0.83  R  T h , n o r m     6.66  R  T h , n o r m      



(6)








3.3.2. Estimation of Thermal Conductivity


The thermal resistance    R  T h     was then measured for sensors modified with porous PowderMEMS microstructures. Reference measurements were taken of sensors without PowderMEMS modification and of sensors manufactured on Borofloat 33 glass (Figure 12). To estimate the thermal conductivity using the thermal model presented in Equation (6), the measurement results were normalized with respect to the measurement result obtained for a sensor on a thin-film membrane in ambient air.



In the case of the devices with AP 300/30 microstructures, the sensors were first measured under ambient conditions (AP 300/30) and then again on the custom-made vacuum chuck (AP 300/30 Vac). The thermal conductivities at both ambient and reduced pressure were then estimated using the previously derived thermal model (Equation (6)), and are presented in Table 2.






4. Discussion


The above results indicate that PowderMEMS microstructures are well suited to tailoring the heat propagation within miniaturized systems, for example, MEMS devices. For porous 3D-microstructures fabricated from silicon nitride and glassy carbon powder, thermal conductivity values such as those of Borofloat 33 substrates are achieved. The thermal conductivity measured for porous AP 300/30 microstructures is lower than any previously reported for inorganic materials that are compatible with MEMS processing. In comparison with glass and porous silicon, the two most widely used MEMS substrates for solid thermal isolation purposes, AP 300/30 microstructures provide a reduction in thermal conductivity by up to two orders of magnitude. By decreasing the gas pressure inside the PowderMEMS microstructure, thermal conductivities close to that of air (   λ  A i r   = 0.026   W / mK  ) can be achieved.



PowderMEMS microstructures can be used in thermal MEMS such as IR detectors, gas sensors, or calorimetric flow sensors for the purpose of thermal isolation. Figure 13 illustrates the modification of two common types of MEMS-based calorimetric flow sensors with porous 3D microstructures. In both cases, the presence of a mechanically solid body would improve the resilience of the free-standing structures against overpressure events, in addition to suppressing vibrational eigenmodes that may result in aberrant sensor readings or outright mechanical failure. Additionally, in the case of membrane-based sensors (Figure 13a), parasitic effects within the back side cavity, caused by the convection of the monitored medium, would be suppressed. The proposed devices in Figure 13 represent two basic options to integrate PowderMEMS microstructures into MEMS. In Figure 13a, the porous 3D microstructure is manufactured at the very end of the MEMS process. To achieve a stable vacuum inside the porous microstructure, films having a thickness of several micrometers can be deposited by standard MEMS chemical and physical vapor deposition processes. It has already been shown that, for example, silicon oxide can be deposited pinhole-free by PECVD on top of a porous 3D microstructure [19,21]. However, the (long-term) hermeticity of such sealings remains to be investigated. A second approach is presented in Figure 13b. Here, the porous microstructure is first manufactured inside an etched microcavity and then sealed and planarized. First attempts at the planarization of such structures have been reported in [30].



Another field of application for PowderMEMS microstructures may be the creation of thermally isolated areas within a miniaturized system or an integrated circuit to separate “cold parts” and “hot parts”. The schematic cross-section in Figure 14a, for example, shows an interposer with chips at very different temperatures, assembled in close proximity.



The porous 3D microstructure beneath chip 2 protects it from the heat generated by chip 1. In Figure 14b, “through silicon” porous 3D-microstructures are used to create thermally isolated islands within a larger integrated circuit.



Additionally, it should be noted that, if non-conductive powders are chosen, PowderMEMS structures also provide galvanic isolation. To connect thermally separated parts of an integrated circuit as shown in Figure 14b electrically, thin-film metal traces can be routed across PowderMEMS structures [16].




5. Conclusions


This work describes a novel process for microscale thermal isolation by solid porous 3D microstructures. A process for the modification of existing thermal MEMS with thin-film membranes is presented. A model for the estimation of the resulting thermal conductivity of the porous microstructure was developed, and porous 3D microstructures made from three different powdered materials were created and investigated regarding their suitability for thermal isolation. Microstructures agglomerated from Aeroperl 300/30 were found to perform best. By lowering the residual gas pressure inside the structure, a further decrease in thermal conductivity was observed. The final thermal conductivities observed were close to 0.1 W/mK in ambient air and close to 0.04 W/mK for porous structures under vacuum.




6. Patents


Table 3 summarizes the patents related to this work.







Author Contributions


Conceptualization, O.B., T.L. and B.G.; methodology, O.B., T.L. and B.G.; software, O.B.; validation, O.B., T.L. and B.G.; formal analysis, O.B.; investigation, O.B.; resources, B.G.; data curation, O.B.; writing—original draft preparation, O.B. and T.L.; writing—review and editing, O.B., T.L. and B.G.; visualization, O.B. and T.L.; supervision, B.G.; project administration, B.G.; funding acquisition, B.G. and T.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Gunnar Wille for processing the devices and Felix Heinrich for his help in taking measurements under vacuum conditions. Thanks to Norman Laske and Thomas Knieling for the provision of the sensor design and wafer-level measurements of the TCR.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Reyes-Romero, D.F.; Behrmann, O.; Dame, G.; Urban, G.A. Dynamic thermal sensor for biofilm monitoring. Sens. Actuators A Phys. 2014, 213, 43–51. [Google Scholar] [CrossRef]

	



Dao, T.D.; Ishii, S.; Doan, A.T.; Wada, Y.; Ohi, A.; Nabatame, T.; Nagao, T. An On-Chip Quad-Wavelength Pyroelectric Sensor for Spectroscopic Infrared Sensing. Adv. Sci. (Weinh.) 2019, 6, 1900579. [Google Scholar] [CrossRef] [PubMed]

	



Asri, M.I.A.; Hasan, M.N.; Fuaad, M.R.A.; Yunos, Y.M.; Ali, M.S.M. MEMS Gas Sensors: A Review. IEEE Sens. J. 2021, 21, 18381–18397. [Google Scholar] [CrossRef]

	



Mukherjee, R.; Basu, J.; Mandal, P.; Guha, P.K. A review of micromachined thermal accelerometers. J. Micromech. Microeng. 2017, 27, 123002. [Google Scholar] [CrossRef]

	



Gardner, E.L.W.; Vincent, T.A.; Jones, R.G.; Gardner, J.W.; Coull, J.; de Luca, A.; Udrea, F. MEMS Thermal Flow Sensors—An Accuracy Investigation. IEEE Sens. J. 2019, 19, 2991–2998. [Google Scholar] [CrossRef]

	



Ejeian, F.; Azadi, S.; Razmjou, A.; Orooji, Y.; Kottapalli, A.; Ebrahimi Warkiani, M.; Asadnia, M. Design and applications of MEMS flow sensors: A review. Sens. Actuators A Phys. 2019, 295, 483–502. [Google Scholar] [CrossRef]

	



Sinclair, M.J. A high force low area MEMS thermal actuator. In Proceedings of the Seventh Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (Cat. No.00CH37069), ITHERM 2000, Las Vegas, NV, USA, 23–26 May 2000; pp. 127–132. [Google Scholar] [CrossRef]

	



Heo, S.; Kim, Y.Y. Optimal design and fabrication of MEMS rotary thermal actuators. J. Micromech. Microeng. 2007, 17, 2241–2247. [Google Scholar] [CrossRef]

	



Hunter, S.R.; Lavrik, N.V.; Bannuru, T.; Mostafa, S.; Rajic, S.; Datskos, P.G. Development of MEMS Based Pyroelectric Thermal Energy Harvesters. Proc. SPIE 2011, 8035, 199–210. [Google Scholar] [CrossRef]

	



Vonderschmidt, S.; Müller, J. A fluidic bridge based MEMS paramagnetic oxygen sensor. Sens. Actuators B Chem. 2013, 188, 22–30. [Google Scholar] [CrossRef]

	



Lang, W.; Drost, A.; Steiner, P.; Sandmaier, H. The Thermal Conductivity of Porous Silicon. MRS Online Proc. Libr. 2011, 358, 561. [Google Scholar] [CrossRef]

	



Kaltsas, G.; Nassiopoulos, A.A.; Nassiopoulou, A.G. Characterization of a silicon thermal gas-flow sensor with porous silicon thermal isolation. IEEE Sens. J. 2002, 2, 463–475. [Google Scholar] [CrossRef]

	



Nassiopoulou, A.G.; Kaltsas, G. Porous Silicon as an Effective Material for Thermal Isolation on Bulk Crystalline Silicon. Phys. Stat. Sol. A 2000, 182, 307–311. [Google Scholar] [CrossRef]

	



Sabate, N.; Keller, J.; Gollhardt, A.; Vogel, D.; Gracia, I.; Cane, C.; Morante, J.R.; Michel, B. 3D deformation analysis of flow and gas sensors membranes for reliability assessment. SPIE Proc. 2005, 5836, 416–424. [Google Scholar]

	



Sabaté, N.; Gràcia, I.; Santander, J.; Fonseca, L.; Figueras, E.; Cané, C.; Morante, J.R. Mechanical characterization of thermal flow sensors membranes. Sens. Actuators A Phys. 2006, 125, 260–266. [Google Scholar] [CrossRef]

	



Lisec, T.; Behrmann, O.; Gojdka, B. PowderMEMS—A Generic Microfabrication Technology for Integrated Three-Dimensional Functional Microstructures. Micromachines 2022, 13, 398. [Google Scholar] [CrossRef] [PubMed]

	



Kostmann, C.; Lisec, T.; Bodduluri, M.; Andersen, O. Automated Filling of Dry Micron-Sized Particles into Micro Mold Pattern within Planar Substrates for the Fabrication of Powder-Based 3D Microstructures. Micromachines 2021, 12, 1176. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, M.; Dankwort, T.; Grünzig, S.; Lange, V.; Gojdka, B. Broadband Zero-Power Wakeup MEMS Device for Energy-Efficient Sensor Nodes. Micromachines 2022, 13, 407. [Google Scholar] [CrossRef] [PubMed]

	



Bodduluri, M.T.; Dankwort, T.; Lisec, T.; Grünzig, S.; Khare, A.; Ahmed, M.; Gojdka, B. Fully Integrated High-Performance MEMS Energy Harvester for Mechanical and Contactless Magnetic Excitation in Resonance and at Low Frequencies. Micromachines 2022, 13, 863. [Google Scholar] [CrossRef]

	



Gojdka, B.; Cichon, D.; Lembrecht, Y.; Bodduluri, M.T.; Lisec, T.; Stahl-Offergeld, M.; Hohe, H.-P.; Niekiel, F. Demonstration of Fully Integrable Long-Range Microposition Detection with Wafer-Level Embedded Micromagnets. Micromachines 2022, 13, 235. [Google Scholar] [CrossRef]

	



Bodduluri, M.T.; Gojdka, B.; Wolff, N.; Kienle, L.; Lisec, T.; Lofink, F. Investigation of Wafer-Level Fabricated Permanent Micromagnets for MEMS. Micromachines 2022, 13, 742. [Google Scholar] [CrossRef]

	



Paesler, M.; Lisec, T.; Kapels, H. High Temperature Magnetic Cores Based on PowderMEMS Technique for Integrated Inductors with Active Cooling. Micromachines 2022, 13, 347. [Google Scholar] [CrossRef] [PubMed]

	



Sonnick, S.; Meier, M.; Ross-Jones, J.; Erlbeck, L.; Medina, I.; Nirschl, H.; Rädle, M. Correlation of pore size distribution with thermal conductivity of precipitated silica and experimental determination of the coupling effect. Appl. Therm. Eng. 2019, 150, 1037–1045. [Google Scholar] [CrossRef]

	



Knieling, T.; Laske, N.; Rasmussen, M.; Samson, J.; Muehler, T.; Behrendt-Fryda, B.; Blohm, L.; Nebling, E. Mikroozon—Thermal flow sensors and ozone generating electrodes for water cleaning applications. In Proceedings of the MikroSystemTechnik Congress 2019, Berlin, Germany, 28–30 October 2019. [Google Scholar]

	



Simon, I.; Arndt, M. Thermal and gas-sensing properties of a micromachined thermal conductivity sensor for the detection of hydrogen in automotive applications. Sens. Actuators A Phys. 2002, 97–98, 104–108. [Google Scholar] [CrossRef]

	



Eriksson, P.; Andersson, J.Y.; Stemme, G. Thermal characterization of surface-micromachined silicon nitride membranes for thermal infrared detectors. J. Microelectromech. Syst. 1997, 6, 55–61. [Google Scholar] [CrossRef]

	



von Arx, M.; Paul, O.; Baltes, H. Process-dependent thin-film thermal conductivities for thermal CMOS MEMS. J. Microelectromech. Syst. 2000, 9, 136–145. [Google Scholar] [CrossRef]

	



SCHOTT AG. Datasheet Borofloat 33. Available online: https://www.uqgoptics.com/wp-content/uploads/2019/07/Schott-Borofloat-33.pdf (accessed on 26 June 2022).

	



Holmwood, R.A.; Glang, R. Resistivity and Temperature Coefficient of Pure Molybdenum. J. Chem. Eng. Data 1965, 10, 162–163. [Google Scholar] [CrossRef]

	



Lisec, T.; Bodduluri, M.T.; Schulz-Walsemann, A.-V.; Blohm, L.; Pieper, I.; Gu-Stoppel, S.; Niekiel, F.; Lofink, F.; Wagner, B. Integrated High Power Micro Magnets for MEMS Sensors and Actuators. In Proceedings of the 2019 20th International Conference on Solid-State Sensors, Actuators and Microsystems & Eurosensors XXXIII (Transducers & Eurosensors XXXIII), Berlin, Germany, 23–27 June 2019; IEEE: Piscataway, NJ, USA, 2019. ISBN 9781538681046. [Google Scholar]








[image: Micromachines 13 01178 g001 550] 





Figure 1. (a) Overview of the layout of the sensor. The outer dimensions of the die are 12 mm × 6 mm. (b) Detailed view of the heater structure (red) and the membrane area (grey, 890 µm × 550 µm). Only this structure is used in this work. 
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Figure 2. Test structures as fabricated on silicon or glass wafers: (a) heater embedded within a free-standing membrane; (b) heater with passivation on glass; (c) heater embedded within a membrane on top of a porous 3D microstructure for thermal isolation. 
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Figure 3. Fabrication of the sensor on silicon. 
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Figure 4. Cross-section through a finished sensor on glass. 
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Figure 5. Cross-sections through finished sensor with porous PowderMEMS isolation according to Figure 2c. 
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Figure 6. Sensor mounted on custom PCB: (a) top-view showing the sensor and card-edge connector and (b) bottom-view showing the hole below the PowderMEMS-modified backside cavity. 
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Figure 7. Custom vacuum chuck without (a) and with (b) mounted PCB. By connecting the pink tubing to a turbopump, a vacuum can be created inside the porous PowderMEMS structure located beneath the thin-film membrane. 
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Figure 8. Simple 2D thermal model of the PowderMEMS-modified sensor. 
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Figure 9. (a) Simulation model for the sensor structure on top of a thin-film membrane on a silicon substrate with a backside cavity. The thermal conductivity of the volume inside the cavity (blue) is    λ  P o r    . (b) Detailed view of the heater structures. The active heater is highlighted in blue. 
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Figure 10. Topside micrographs of the PowderMEMS-modified devices. The solid porous microstructures are visible through the optically transparent membrane stack. (a) AP 300/30. (b) Silicon nitride. (c) Glassy carbon. 
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Figure 11. Fit of the thermal model (Equation (5)) to the normalized results of a sweep of    λ  P o r     in the interval    [  0.026 , 1.5  ]   . The fitted parameters were found to be   K = 0.83   m   and    G  P o r   = 6.66   m   at    R 2  = 0.99  . 
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Figure 12. Left axis: Measurements of the thermal resistance    R  T h     of the PowderMEMS-modified devices in comparison to a thin-film membrane surrounded by air and devices directly processed on Borofloat 33 glass. Right axis: Measurements normalized with respect to the measurement obtained for the thin-film membrane in air (“Membrane Air”). 
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Figure 13. Modification of MEMS-based thermal sensors with a (a) free-standing membrane and (b) suspended microstructure using PowderMEMS technology. On the left side the conventional sensor design is shown (existing device), and on the right side a corresponding approach based on a vacuum-sealed 3D microstructure (proposed device) is presented. 
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Figure 14. (a) Interposer substrate with integrated PowderMEMS structure on top of a heatsink for thermal isolation of chips, which are in close proximity. (b) Semiconductor substrate with PowderMEMS structures spanning its full height, creating thermally and electrically isolated islands within an integrated circuit. 
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Table 1. Comparison of absolute values of    R  T h     obtained by measurements (n = 5 for membrane and n = 4 for glass) and 3D FEM simulation.






Table 1. Comparison of absolute values of    R  T h     obtained by measurements (n = 5 for membrane and n = 4 for glass) and 3D FEM simulation.





	Heater Substrate
	    Measured    R  T h      (   K  /  W   )     
	    Simulated    R  T h      (   K  /  W   )     
	Error (%)





	Unmodified membrane
	   7693.54 ± 16.26   
	   7716.66   
	   0.3 ± 0.21   



	Glass
	   1393.18 ± 11.32   
	   1292.32   
	   7.2 ± 0.75   










[image: Table] 





Table 2. Estimation of    λ  P o r     for AP300/30 microstructures from normalized measurements (n = 5) of    R  T h     using the model presented in Equation (6).






Table 2. Estimation of    λ  P o r     for AP300/30 microstructures from normalized measurements (n = 5) of    R  T h     using the model presented in Equation (6).





	Gas Pressure
	    Measured    R  T h , n o r m      
	     λ  P o r      (   W  /  m K   )     





	0.1 MPa (Ambient)
	   0.675 ± 2.15 ·   10   − 2     
	   0.098 ± 7 ·   10   − 3     



	0.5 Pa (Vacuum chuck)
	   0.916 ± 5.64 ·   10   − 2     
	   0.039 ± 1 ·   10   − 2     
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Table 3. Patents related to this work.
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	No.
	Granted Patents
	Short Description of the Patent Family





	1
	EP2670880B1 US9221217B2

JP6141197B2
	Fabrication of porous 3D microstructures, basic method



	2
	EP3523637B1 US11137364B2
	Thermal isolation based on porous 3D microstructures
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