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Piezoresistive heat engine and refrigerator Peter Steeneken International seminar on nanoelectromechanical systems Toulouse, France, 4th of July 2011



NXP Semiconductors Founded in 2006 (formerly a Philips division) >20.000 employees Headquarters & Research: – Eindhoven, the Netherlands



$4.4 Billion revenue in 2010 Application areas: – Automotive – Identification – Wireless infrastructure – Lighting – Mobile – Computing
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What is an oscillator? Physics Name



Harmonic oscillator



Physics (Self-)sustained oscillator Crystal filter



Output



Symbol Energy Source Amplifier



Name



Electronics



Electronics



Resonator



Oscillator Crystal filter



Output



Symbol Amplifier



1. Harmonic or linear 2. Relaxation or non-linear



NXP real time clock product Power consumption: 


Silicon chip size 1.49x1.44x0.22=~0.5 mm3. Quartz size ~2x0.5x0.5 mm=0.5 mm3. Typical cost ~ 1$.



Current oscillator: ~1 mm3



Amplifier



Silicon crystal amplifier



Reduce size by integrating amplifier and resonator Quartz crystal resonator Q=~20,000



Single element/crystal oscillator Crystal filter



Output



Power Source Amplifier



Single element/structure Integration of resonator and amplifier in a single element: Size & cost reduction!



Examples of single-element oscillators Electromagnetical – Oscillistor (Larrabee ‘60) – Spin-Torque Transfer oscillator (Kiselev ‘03)



Optomechanical oscillators (Rokhsari ‘05) Electromechanical – Resonant gate transistor oscillator (Nathanson et al. ’67) – Autonomous impact oscillator (Bienstmann et al. ‘98) – Self-Oscillations in Field Emission Nanowire Mechanical Resonators (Ayari et al. ‘07) – Vibrating body FET (Grogg et al. ‘08)



Current work • Le Phan et al., Spontaneous mechanical oscillation of a DC driven single crystal., arXiv:0904.3748v1. • Steeneken et al., Piezoresistive heat engine and refrigerator, Nature Phys. 2011.



Rahafrooz and Pourkamali, Fully micromechanical piezo-thermal oscillators, Proc. IEDM 2010.



Single silicon crystal



Silicon n-type doping NA=4.5x1018 cm-1



Starts to oscillate at Idc =1.2 mA, Vdc=0.9 V ~10 um3 : 1 million times smaller volume



Piezoresistive resonators vac R=R0+∆L



Idc



m k Electrostatic actuation



∆R ∆L =K R0 L



∆L K=-78



Piezoresistive resonators



1.E-04 Vg=40V, Id=10mA Vg=40V, Id=0mA



Ym, gm (S)



1.E-05



van Beek, Steeneken and Giesbers (Proc. IEEE IFCS 2006)



1.E-06



1.E-07 10530000 10540000 10550000 10560000 10570000 10580000



f (Hz)



van Beek et al. IEDM 2007



Driven piezoresistive resonator



SOI



• Electrostatic actuation • Piezoresistive detection: lever amplification. 280x800 nm



∆x



VAC,act+VDC



Driven resonator Idc=1 mA



∆x vac,act+Vdc,act



vac/vac,act



vac/∆x ~0.7 mV/nm



vac



Idc • Mechanical resonance at 1.26 MHz • Pressure dependent Q



scope Idc



GND



GND



GND
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29-06-2010



Observations



Idc=1.20 mA : spontaneous oscilation Vdc=0.99 V



Clean sinusoidal signal.



xCOM=43 nm
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Stroboscopic movie of device Polytec MSA-500: LED stroboscope triggered by output voltage of oscillator Extreme slow-motion: 1 s. in the movie is 1 µs in real time.
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Oscillation mechanism



Idc Idc



Fstart
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Oscillation mechanism



Idc



Idc Idc



1.



Heating power high because resistance is high.



2.



Temperature increases.



Idc
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Oscillation mechanism



Idc



Idc Idc



1.



Temperature is high.



2.



Thermal expansion force in same direction as speed.



Idc
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Oscillation mechanism



Idc



Idc Idc



1.



Heating power low because resistance is low.



2.



Temperature decreases.



Idc
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Oscillation mechanism Fth Idc



Idc Idc



1.



Temperature is low.



2.



Thermal (contraction) force in same direction as speed.



Idc
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How does it work? I dc



Idc
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Thermodynamic cycle in beam Power is generated by: Expansion at high T. Contraction at low T.



,∆L



• Thermodynamic cycle in beam • Beam is only 0.34 µm3
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Cyclic engine is a type of mechanical oscillator



All input power is in the form of resistive heat Mechanical work generated from heat: Cyclic HEAT engine 22 Peter Steeneken, NXP Semiconductors



Driving a clock with a cyclic engine “producing isochronous movement herein described, which consists in reciprocating a piston by steam or gas under pressure and controlling the rate or period of reciprocation by a spring”



Clock



Spring Steam



Tesla (1894)



Mass



Exhaust



The feedback mechanism Fte= γZ β0 Idc2 k x β0 depends on geometry and material parameters. γZ depends on parallel impedance Ztot.



ppr= γZ (Idc2rac) 24 Peter Steeneken, NXP Semiconductors



Tuning the heat engine Current source: – pbeam,pr=I2R – R increases: P increases. – γZ=ppr/(Idc2rac)=1



Voltage source – pbeam,pr=V2/R – R increases: P reduces. • Cycle inverts. • γZ= -1 • Inverting the cycle of a heat engine can turn it into a refrigerator.
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Tuning the heat engine Zload=open: current source. Zload=short: voltage source.
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Measuring Teff via Brownian motion



Area below curves proportional to temperature Teff
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Fitting the measurements Qint/Qeff =TRT /Teff



Teff reduces



Teff increases
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Fitting the measurements Perfect fit: – β0=-123.7+64.6i A-2.



Rdc=439.3 Ω. FEM simulations: – β0=-111+58i A-2.



1D Analytic calculations: – β0=-132+157i A-2.
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FEM Simulations



Idc=1.2 mA



Tdc
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Vac
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Tac
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Phase(Tac)=atan(Im Tac/Re Tac)
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Operation modes Depending on the power generated by the engine beam on the resonator, the device operates as a heat engine, heat pump or refrigerator.
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Benchmarking Power density: 36 GW/m3 (beam size 0.34 um3). Car engine: 50 MW/m3 Other micro heat engines in literature: 3 GW/m3 But: efficiency 6x10-5 %. – Little known on efficiency and power density for nano/micro devices.



Absolute power: ~1 mW. Size of oscillator 106x smaller. Size of required battery 1 mW/150 nW=7x103 larger.



Electrostatic vs. thermal actuators Limits to energy density: – Electrostatic: 1/2 ε0εrEbd2= – Thermal: C Tmelt=



~0.02 GJ/m3 (SiO2) ~2.0 GJ/m3 (SiO2)



When operating a cyclic engine at the same frequency and efficiency, the power density of heat engines is higher than of electrostatic engines. Challenge: Create an efficient heat engine at the nanoscale. - Carnot’s theorem. - Energy loss by thermal conduction.



Outlook New piezoresistive feedback mechanism. – – – –



Probably also in other materials. Affects propagation of sound. Large near pressure induced metal-insulator or superconducting transitions. Arrays of oscillators can be easily constructed.



Application: timing, sensors and mirrors. – Clocks, sensors and mirrors. • A. Hajjam et al., Self-sustained micromechanical resonant particulate microbalance/counters, MEMS 2011.



– In refrigeration mode: Brownian noise is reduced – Less noise, higher sensitivity sensors (arrays).



Further miniaturization: – NEMS: large piezoresistive effect and thermal conduction in nanowires. – Study of thermodynamic engines at nanoscale. • Quantum heat engines?
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Thank you
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