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Abstract

The thermal-electronic logic circuit (TELC) concept is a possible way to overcome the scaling down problems of the conventional CMOS integrated circuits having very complex structure nowadays. The basic component of the TELC is the semiconductor-metal transition (SMT) switch, which is an extremely simple bulk type device. This work evaluates the effect of the scaling down on characteristics of the VO2 thermal-electronic switch. Different types (lateral and vertical) of VO2 resistors have been produced using focused ion beam and pulsed laser deposition. The measured switching time strongly correlates with the characteristic size of the device. The energy consumption (power-delay product) of the scaled-down switching device estimated as a sum of the energy needed for heating the thermal diffusion length sized environment of the device, heating the device itself and the latent heat of phase transition of VO2.
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1. Introduction
Until now, the continuous development of electronics has been characterized by Moore’s law. The scale down resulted in the nano-sized CMOS integrated circuits, pushing the “red brick wall” towards the lower dimensions.

Although the current CMOS integrated circuit development is driven by a lot of innovations, there are still some limits determined by unavoidable physical effects such as tunneling of charge carriers through thin insulating regions and statistical irregularities in the number of dopant atoms.

On the other hand, there are many new ideas for building atomic or molecular scale devices for the information technology. However, there is still a gap between the up-to-date “top-down” CMOS technology and the “bottom-up” devices, i.e. molecular electronics, nanotubes, single electron transistors. The new thermal-electric device (phonsistor) and the CMOS compatible thermal-electric logic circuit (TELC) may help to fill this gap.
The device is based on the semiconductor-metal transition (SMT) effect shown by certain materials. This effect allows an electric resistance change in three-four orders of magnitude induced by thermal or electrical excitation.

The recently proposed novel active device (phonon transistor = phonsistor) [1,2] is made up of only bulk type semiconductor domains, consisting of significantly less regions, interfaces, and providing advanced functionality compared to a monolithic MOSFET (there are no differently doped regions, p-n junctions at all). This way the single switches can be processed in steps that are technologically less demanding and fewer in number. The thermal-electronic logic circuit (TELC) switch can be excited by electronic and thermal signals as well, thus two different physical parameters are available for representing the different logic states.

Phase transitions involving dramatic electric changes are being investigated in the last several decades. Semiconductor-metal transition (SMT; traditionally mentioned as metal-insulator transition, MIT) of vanadium dioxide (VO2) is known for more than 50 years [3]. Due to this special property vanadium dioxide is investigated in a broad range of applications including switching devices [4,5], MEMS actuators [6], power limiting devices [7] and memristive elements as well [8].

In pure VO2 the transition temperature is at about 67 °C. Above this temperature VO2 bulk shows metallic conductivity, while for lower temperatures it acts like an intrinsic semiconductor. During the transition, the conductivity may increase by up to 3-4 orders of magnitude.

The concept of VO2-based thermal-electronic logic devices [1] introduces a possible way to overcome silicon technology’s “red brick walls” raised by stochastic nature of semiconductor doping and the strong size limiting effect of tunneling phenomena.

2. Experimental
Two different types of samples were realized using VO2 thin film formed with pulsed laser deposition (PLD) and focused ion beam technique: several lateral devices were constructed on sapphire substrate, designed for possibly strong thermal coupling (Fig. 1.), and vertical devices were formed from VO2 deposited into vias through SiO2 over heavily doped Si substrate (Fig. 2.) used as ground electrode.
The NAND and NOR operation of a thermal-electronic logic gate has earlier been demonstrated on thermally coupled VO2 resistors with a characteristic size of a few tenth of mm [1]. The switching time of these devices was in the 1 s order of magnitude. In the recent work, the operation of thermally controlled VO2 switches has been demonstrated in μm and nm scale.

In the case of μm-sized device (lateral structure, Fig. 1.) the SMT resistor was powered by a triangle voltage signal through a series resistor (see the insert in the Fig. 3.), and the voltage of the device was registered (V-t plot in the Fig. 3.). The deviations from the driving signal’s slope and shape are caused by the switching effect, i.e. the abrupt decrease in the resistance of the device. The transition into “on” and then into “off” state is visible. The characteristic switching time of an SMT resistor estimated to be in the magnitude of 1 μs.

In the case of nm-sized vertical device the resistance was measured and the temperature was increased in small steps, leaving enough time for its stabilization. This way the existence of the SMT effect was clearly demonstrated (see Fig. 4.).
I-V characteristics of this vertical structure (four pieces of 180 nm diameter nanoholes filled up with VO2 about 80 nm in thickness, connected in parallel) are shown on Fig. 5 and Fig. 6. Using forward biasing, i.e. positive voltage on the top electrode, the thyristor –like “switch on” effect can be observed (Fig.5.). The two separate voltage drops represent the switching on at least two resistors. However, the switching processes were irreversible; probably the high power density destroyed the devices. I-V plots using “reverse” (negative) biasing are shown on the Fig 6. at different substrate temperatures (25-80 °C). The measured current was very low in this case; probably it did not switch on the device itself by self-heating. The characteristics were still thyristor-like, considering the I-V plots between 25-65 °C, but the voltage peak between 0 and 1 µA was very low. The width and the level of the voltage peak were increasing with the temperature, while the resistance was gradually decreasing (see I-V slope decreasing on Fig. 6.). This decrease in the resistance confirmed the semiconductor state of the VO2 between 25-65 °C. The highest voltage peak can be observed at 70 °C and it disappears at 75-80 °C. One possible reason of this voltage peak could be a parasitic series tunnel n++p junction formed by gallium ions originating from the focused ion beam used for drilling the nanoholes. The layer was possibly metallic state in between 70-80 °C, as the resistances did not change further with increasing temperature. The remarkable resistance increase at the semiconductor-metal transition could be related to the cross section change of the conducting filament, which might be very small at the metallic state, resulting in spreading resistance increase in the substrate.
3. Effects of Scaling
The energy dissipated on the scaled-down devices during a single switching event (
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) can be estimated as a sum of the energy needed for heating the environment of the device, heating the SMT device itself and the latent heat of phase transition of VO2 (see Eq. 1).
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(Eq. 1)

where 
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 is the thermal diffusion length (~10-8 m for 10 GHz); 
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 are the densities of the environment (SiO2) and the SMT material (2650 and 4600 kg/m3), respectively; 
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 are the specific heat capacities of the environment and SMT material (703 and 340 J/(kg K)), respectively; 
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 is the latent heat of phase transition (51 410 J/kg); and 
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 is the characteristic size of the SMT device (10 nm, as a reasonable first estimation on the smallest possible size). The calculation with the given values results (Eq. 2):
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The theoretical background of thermal processes in nanoscale is rather complex. The literature contains contradicting information concerning on heat propagation speed. 

In nanoscale the heat conduction and radiation should be taken into account, as well as the effect of hot electron transport on heat transfer [9-10]. For the sake of simplicity, in the recent calculations macroscopic values of thermal properties were used to estimate the power-delay product of VO2 thermal electric logic gates.
The values of 
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 are known for certain CNT and CMOS devices from various sources [11]. For CNT it’s approximately 400 aJ, while for CMOS a broad range of 50...500...1000 aJ is available (see Fig. 7.). In practice this means that phonsistors are promising as alternate logic devices as they might allow lower power/processed information ratios compared to CMOS devices. Moreover, the limits of scaling down seem to be beyond that of the CMOS technology due to the simplicity and reduced sensitivity to side effects of scaling down of the thermal-electronic devices.

4. Conclusions

The thermal capacitance is proportional to the volume of the devices, thus it decreases by third power of linear size, while the thermal resistance increases by the second power (or less) of the linear device size. As consequence, scaling-down results in proportionally (or an even higher power) decreasing thermal time constant. The device operation is based on thermal and electronic principles, thus the electrical time constant scales down similarly. This assumption is supported by the measured values of switching time for the case of mm- and µm-sized devices.

The existence of SMT effect is demonstrated on nm-sized devices as well, however, the transition temperature slightly increased compared to the bulk VO2 material.

The first estimation on the energy consumption is promising and it draws attention to the significance of the latent heat of phase transition in scaled-down SMT devices.
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Fig. 1. SEM image of the lateral VO2 devices. Dark grey: VO2 thin film; white: metallization above VO2; light grey: ablation of both thin films with laser (wide) or FIB (narrow). Active VO2 devices were formed at the tip of each cut between the metal electrodes.
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Fig. 2. Cross section SEM image of the FIB drilled hole into SiO2 for the vertical SMT structure. Drilling was followed by deposition of VO2 and preparation of the metallization (top contact layer). The bottom contact was the heavily doped n++ Si substrate.
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Fig. 3. Switching behavior of the μm-sized SMT resistor powered by triangle voltage signal through a series resistor.
[image: image15.emf]1E+4

1E+5

1E+6

1E+7

20 40 60 80 100

Resistance (Ohm)

Temperature (°C)

107

106

105

104


Fig. 4. Switching behavior of the nm-sized, vertical SMT resistor structure. Resistance abruptly decreases due to the phase transition.
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Fig. 5. Switching behavior of the nm-sized, vertical SMT resistor structure, forward (positive) bias with respect to n++ Si substrate 

[image: image17.png]1,20E-01
——25C
1,00€-01 —m=30C
—4—35C
8,00E-02 20¢
——45C

6,00E-02 |
—o—50C
——55C

4,00E-02 -
2,00E-02 65¢
——70C
0,00E+00 : - - - - — —75¢C
0,000001 0,000002 0,000003 0,000004 0,000005 000696

2,00E-02





Fig. 6. Switching behavior of the nm-sized, vertical SMT resistor structure, “reverse” (negative) bias with respect to the n++ Si substrate. It can clearly be seen that for 75 °C and above no high-resistance region is present.
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Fig. 7. Power-Delay products (PDP) for different nanoelectrical devices.
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�Érdemes lenne a címet kismértékben módosítani, hogy ne legyen két azonos című…


�Valami standard cím kellene, ez max. alpont címe lehet


�Nem jó cím


�Ezt nem akarjuk kifejteni és/vagy meghivatkozni? Vagy ezek a 9 és 10-ben vannak?


�2 mondattal lejjebb meg van hivatkozva


�Babla, nem kell egyetérteni, de ha jól értem, valami ilyen következtetésre vezetnek a számítások.


�Mi van a tengelyeken? Mi a két görbe? Ugyanez a következő ábrára is kérdés.


�Meg kellene hivatkozni a forrást, amin ez az ábra alapul, aztán majd rajzolok szebbet.
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