
Thermal-electronic logic circuit for nanointegration

TELOCINA
Section 1: Scientific and/or technical quality, relevant to the topics addressed by the call 
1.1
Concept and objectives
Scaling down is a ubiquitous need in our information driven society. The proposed project concerns the development of a new  thermal-electric active device and integrated circuit. 
A key goal of the project is to design and synthesize materials and layered structures which clearly show switching behavior in their electrical properties, thus increasing the overall functionality of the logic devices.

Metal-Insulator-Transition (SMT) 
	Under appropriate external stimuli, the metal-insulator-transition (SMT) materials undergo a first-order phase transition resulting in the change of the materials crystal symmetry. Such transformation has severe consequences for properties of the materials, e.g. degree of conductivity and conductivity mechanisms, magnetic ordering, optical transmittance, and refractive index. The underlying mechanism of this transformation lies in the lattice distortions induced by some external force, such as thermal expansion, mechanical force, or electrostrictive effect, leading to new electronic occupation densities and energy band structure in the solid.
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Fig. 1. Resistivity of various VO2 thin films as a function of temperature (fabricated at the University of Oulu).


As an example, vanadium dioxide VO2 undergoes an abrupt phase transition as a function of temperature at TSMT ≈ 341 K (68 ºC) from high-temperature tetragonal phase to low-temperature monoclinic phase. Above TSMT, VO2 has “metallic” properties with low resistivity = 10-3-10-4 cm, whereas below TSMT, properties are closer to typical semiconductors or “insulators” with  = 101-102 cm, as shown in Figure 1. 

	Although several distinct groups of material and different systems are found to present an SMT effect with a large diversity in structural complexity, electrical and optical properties, and transition characteristics, vanadium dioxide compound is found to be the most interesting one from a technological point of view, due to the chemical stability and feasibility of fabrication on various substrates using a large variety of fabrication technologies. 
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Fig. 2. Prototypes of  VO2 resistors for SMT-effect device (fabricated at the University of Oulu and Budapest Univ. of Technology and Economics). White arrow shows the conductive channel (metallic phase). 



Thermal-electric logic circuit (TELC) and thermal-electric active device (phonsistor) for nanoelectronic integration

The thermal-electric active device (phonsistor, see Fig. 3.) consists of one (or more) heating resistor(s) (1-3) thermally coupled to one (or more) special resistor(s) (4-5) having semiconductor-metal transition (SMT resistor). These SMT resistors have thyristor-like characteristics due to a self heating effect (see Fig. 4.). They can be switched on by a pulse of higher current density than the threshold value, or using external heat sources, such as other, thermally coupled (1-3) resistor(s).    
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Fig. 3. The thermal-electric active device (phonsistor)

Fig. 4. Thyristor-like current density-electric field characteristics of an SMT resistor material

The (1-3) heating resistors act as phonon emitters (inputs), while the (4-5) SMT resistors are phonon collectors. This is not a strict classification, as all of the thermally coupled resistors can be used as phonon emitter (input), including SMT resistors.

The operation of the above described phonsistor or phonsistor based gates can be summarized as follows (see Fig.5.): 

a.) if the thermal coupling is strong, any of the excited phonon emitters (6-8 inputs) produces enough heat to switch on the (9) SMT resistor(s): parallel “OR” logic function, 

b.) if the thermal coupling is weak, all the phonon emitters (7-8 inputs) must be excited in the same time to produce enough heat to switch on the (9) SMT resistor(s): parallel “AND” logic function,

c.) complex logic functions can be performed by adjusting the thermal coupling, i.e. adjusting the geometrical distance and/or using different quality of isolating materials between the input resistors and output SMT resistors, 

d.) if one (or more) input(s) is/are excited for a rather short time or with a lower input signal which is necessary to switch on (sub threshold signal), but this/these input(s) get(s) another sub threshold excitation(s) within the thermal time constant, then the output SMT resistor(s) may switch on: “sequential AND” logic function for a simple input, complex sequential/parallel logic function(s) for two or more inputs. 
[image: image9.wmf]t

L

th

a

=


[image: image10.emf]3

4

5

1

2


[image: image11.emf]21

22

23 24 27

26 25

28


[image: image12.emf]30

35 34 36 32

37

38 39

33

30

35 34 36 32

37

38 39

33 31

[image: image13.emf]SeMgO2-V

2

O

5

, J

c

-E, 88 

m

m/5.82 

m

m (Pt elect.); 509 

W

, step 0.2 V, delay 0.5 s 

-4,0E+05

-3,0E+05

-2,0E+05

-1,0E+05

0,0E+00

1,0E+05

2,0E+05

3,0E+05

4,0E+05

-5,00E+06 -4,00E+06 -3,00E+06 -2,00E+06 -1,00E+06 0,00E+00 1,00E+06 2,00E+06 3,00E+06 4,00E+06 5,00E+06

Electric field [V/m]

Current density [A/cm

2

]

 

[image: image14.emf]OR gate:                                        (three input)

AND gate: 

Complex (AND OR) gate: 

Thermal

diffusion

length


[image: image15.emf]Electrical coupling: NOR (for longer distances too)

Thermal (diffusion) coupling: OR (for the next gate only)

1

0 (low voltage level)

1

1 (high temperature level)


[image: image16.emf][image: image17.wmf]t

L

th

a

=


[image: image18.wmf]p

c

k

r

a

=






Fig. 5. Thermal-electric gates

The combination of the geometry, heat transfer properties and the different excitation level and timing enables to use the same gate for realizing different logic functions. The previously detailed behavior allows the complex devices to be used as artificial neurons.

The thermal-electric logic circuit (TELC) consists of several of the above discussed elements (phonsistors). Some of them can be thermally coupled to each other, but the output voltage of the voltage-source and pull-up resistor (11) powered SMT resistor (12) can be treated as electric signal too (see Fig. 6.). This electrical signal can be transferred for longer distances through metallic lines. 





Fig. 6. Thermal-electric gates with electrical and thermal outputs for electrical and thermal coupling

The possibility of the treatment of two different signals provides a high degree of flexibility to this system. Thermal signals, for example, may propagate different directions, but for short geometrical distances, i.e. about the thermal diffusion length. However, the thermal signal may propagate and regenerate itself along a longer thermal transmission line (13) constructed from SMT resistors near to each other. Further (14) input(s) (and output) terminals can be built in the system among the thermal transmission line, and the thermally generated logic “1” (“hot” state) propagates for all directions along the thermal transmission line (Fig. 5.). 



Fig. 7. Thermal transmission line with an additional input

Using SMT resistors at the input of the gates, the input can remember its logic state too (when the time interval is near to the thermal time constant). 

The thermal-electric logic circuit (TELC) can be realized by IC compatible thin film technologies, see lateral (Fig. 8.) and vertical (Fig. 7.) arrangement. 

The lateral arrangement (see upper view and cross section below in the Fig. 6.) consists of an insulating substrate (21), conducting metal lines (22), input resistors (23-26), output SMT resistors (27-28). Four input “AND” logic function is realized by this arrangement. However, if only the (28) resistor is realized as output, and others (23-27) are inputs, the realized complex function is “AND-OR”.


Fig. 8. Lateral arrangement for thermal-electric logic circuit (upper view and cross section of thin film realisation TELC)

The vertical arrangement (see cross section below in the Fig. 9.a) includes a substrate, which may contain CMOS integrated circuits (30), and vertical resistors (34-39) embedded into thermal and electric insulator (33), together with thermal and/or electrical conductor columns (31-32). The thermally “grounded” (31) heat conductor (copper metal or bundle of carbon nanotubes) thermally separates the elements of the system, while the thermally “floating” (32) results in good thermal coupling between (36, 38) and (39). If the (38) resistor is an output, than “OR” function is realized for the (36, 37, 39) inputs, while “AND” function is valid for the (34-35) inputs. 

This kind of arrangement is compatible with the metallization technology of VLSI integrated circuits (Damascene technology, Fig. 9.b), and it can be more dense (three dimensional system). However, the vertical and lateral heat and current flow paths should be analysed exactly.  

a.)
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      b.)

Fig. 9. Vertical arrangement (cross section) for thermal-electric integrated circuit (a.) and integration possibility into a conventional CMOS IC with “Damascene” metallization (b.)
As thermal time constants go down with the shrinking of geometrical dimensions (scale down), in the case of nanoelectronic integration their value can be comparable with the electrical time constants (10-10 seconds, see paragraph 1.2.3). 

The thermal-electric logic circuit (TELC) could be implemented separately or together with commercially used silicon VLSI (CMOS) integrated circuits. Electrical and thermal coupling, infrared or optical radiation can be used for communication toward the TELC. 

TELC may multiply the effectiveness of conventionally used integrated circuits. The potential technology of this system is IC compatible. Potential users are VLSI IC producers. 

Phonsistor (phonon transistor, thermal-electric transistor) can be considered as the basic element of TELC. The operation of the phonsistor is similar to the bipolar transistor. Phonons (Joule heat) are generated in the heated resistor (see red area in Fig. 10). The heat (phonons) is transported towards the SMT resistor by thermal diffusion. The switch-on voltage and hold-on current are controlled by the power dissipated on the heating resistor. The characteristic device size and dynamic properties are related to the thermal diffusion length and thermal time constants respectively. 

The basic gate of the TELC contains less interfaces, compared to the CMOS gate in conventional VLSI circuits, thus the scale down procedure is easier and more effective. The tunnel effect limited scaling down may result in 10-20 nm size phonsistor device and 50 nm size complex logic gates. 

In the case of nanometer range the scaled down device operation may be slightly different (see Fig. 11). As the thickness of layer A is less than the mean free path of the electrons, input current flows by tunnelling or ballistic transport resulting in heat development at the metal contact and in the SMT resistor material, where hot electrons loose their energy (hot electron thermalisation). This effect predicts an even shorter switching time in the case of scaled down devices. 

As it can be seen from the structure of the phonsistor, it is a bulk type device, like the bipolar transistor, but it does not contain depleted and non depleted layers. The number of interfaces is less in the phonsistors, compared to MOS devices, and, at least the two input terminals can be placed extremely near to each other, producing the control heat by tunnel current. The SMT effect has been demonstrated on a 10nm size crystalline, thus the lower limit of the phonsistor scaling down is around this value. 


Fig. 10. The thermal-electric active device a.) equivalent circuit, b.)  physical realisation


Fig. 11. The thermal-electric active device in nanometer range

Target outcomes  based on the “Call” and matches with TELOCINA
Our project outcomes are fully relevant to the specified „Beyond CMOS” technology:
- New switches and interconnections which offer scalability, performance and energy 
efficiency gains, operational reliability and room temperature operation, preferably with a 
CMOS process and architectural compatibility, 
- Advanced system integration technology and new methods (thermal signal) for computation.

- Nano-photonic devices & interconnections integrated with nano- and Beyond–CMOS. 

- Carbon based electronic devices (see thermal separation and thermal ground by high thermally conductive carbon nanotubes).
- Understanding fundamental artefacts and limits: nano-scale thermal processes; 
computational material and device science.
1.2 Progress beyond the state-of-the-art (see bold lettered part of the text and table below)
The 5 year project will focus on 
i)  Technology of the 
a. layered SMT structures, 

b. devices,

c. and microelectronic/nanoelectronic devices (integrated circuits),

ii) Measurement and analysis of the real structures produced by methods and technologies developed in the previous work package:
a. layered SMT structures, 

b. devices,
c. and microelectronic/nanoelectronic devices (integrated circuits),

iii)  Improving the SMT device theory,

iv)  Thermal-electric modeling and computer simulation of 

a. layered SMT structures, 

b. devices,

c. integrated circuits,

d. and thermal-logic modeling of termo-electric ICs. 

The starting point of the project is a known effect, but the research, development and application fields are completely new. The project targets are related to the recent VLSI technology, but they are beyond the state-of-the-art, as the possible scaled down devices (logic gates) can be about ten times smaller, compared to CMOS devices scaled down to the theoretical limit.
1.2.1 State-of-the-art in the VLSI technology

One of the most important drivers of evolution of digital integrated circuits is the exponential size reduction of electronic devices; usually mentioned as Moore’s Law [1]. Different scaling-down limits have been several times predicted, but proven to be false. 

The recent VLSI technology is based on CMOS circuits (see Fig. 9. b.). The basic CMOS inverter consists of two enhancement type MOS transistors, according to ITRS, the characteristic transistor size (half node) is 22 nm [1-2]. 
The scale down is limited for recent commercially used silicon VLSI (CMOS) integrated circuits. In general, the most important limiting factors are practical (difficulties of the technology) and theoretical (statistical uncertainty of doping and geometry, tunnelling distance between different terminals). Going into details, the scaling down in CMOS technology will face several challenges [2]. Near-term expectations include difficulties to control short-channel effects and irregularities in threshold voltage. Both can be controlled by high channel doping, which – in the other hand – causes band-to-band tunneling across the pn junctions and reduction of carrier mobility. As the number of dopant atoms in the channel decreases with size, the effect of Poisson-distribution causes disturbing dopant variation. For transistors with gate length below 16 nm quasi-ballistic carrier transport is proposed and the use of non-silicon as well as non- bulk devices such as nanowires and graphene nanoribbons is predicted.

By the end of the decade new devices are planned to introduce in standard CMOS technology in order to sustain the progress proposed by Moore’s Law.

Electronic technology uses alternative devices with special functionality as well. For these devices, the development is not primarily characterized by the scaling down but with advanced features. Typical functionalities include sensors and actuators, analog calculating and RF devices. This trend is called "More than Moore" [1].

[1] ITRS, “International technology roadmap or semiconductors 2010 update overview,” 2010. [Online]. Available: http://www.itrs.net/Links/ 2010ITRS/2010Update/ToPost/2010_Update_Overview.pdf

[2] ITRS, “International technology roadmap or semiconductors 2009 process integration, devices, and structures,” 2009. [Online]. 
Available: http://www.itrs.net/Links/2009ITRS/2009Chapters_2009Tables/2009_PIDS.pdf
1.2.2 Theory and application of the SMT effect

Vanadium dioxide (VO2) exhibits a thermal-induced metal-semiconductor transition (traditionally mentioned as metal-insulator transition, MIT) at about 67 °C. Above the transition temperature VO2 bulk shows metallic conductivity while for low temperatures it behaves as an intrinsic semiconductor [3], [4]. Transition can be initiated electrically; in this case the changes are driven by Joule-heating or direct electron injection. The latter happens at the presence of high electric fields, approximately above 105 V/cm [5]–[7]. A simple homogeneous VO2 2-pole thin film device can be switched electrically in a nanosecond scale [8]. During the transition conductivity can increase by up to 3-4 orders of magnitude [6]. The transition temperature shows hysteresis with a width of 1 °C for bulk crystals, but it has been shown, that for thin films and nanoparticles this value can be 10-15 °C or even larger [9].

In addition to electrical changes MIT is manifested in a quite abrupt change of many physical parameters including crystal lattice structure and optical properties. The latter allows vanadium dioxide to be used as thermochromic material; one possible application as thermographic film for IC thermal analysis is proposed in [10]. Different reflectance of semiconducting and metallic phases is observable using an optical microscope [6], [11].

The transition temperature can be either increased or decreased near to room temperature by doping with metallic cations while electrical and optical switching behavior remains observable [12].

[3] F. J. Morin, “Oxides which show a metal-to-insulator transition at the Neel temperature,” Phys. Rev. Lett., vol. 3, no. 1, pp. 34–36, Jul 1959.

[4] A. Zylbersztejn and N. F. Mott, “Metal-insulator transition in vanadium dioxide,” Phys. Rev. B, vol. 11, no. 11, pp. 4383–4395, Jun 1975.

[5] D. Ruzmetov, G. Gopalakrishnan, J. Deng, V. Narayanamurti, and S. Ramanathan, “Electrical triggering of metal-insulator transition in nanoscale vanadium oxide junctions,” Journal of Applied Physics, vol. 106, no. 8, p. 083702, Oct. 2009.

[6] G. Gopalakrishnan, D. Ruzmetov, and S. Ramanathan, “On the triggering mechanism for the metal–insulator transition in thin film VO2 devices: electric field versus thermal effects,” Journal of Materials Science, vol. 44, pp. 5345–5353, 2009.

[7] G. Stefanovich, A. Pergament, and D. Stefanovich, “Electrical switching and mott transition in VO2,” Journal of Physics: Condensed Matter, vol. 12, no. 41, p. 8837, 2000.

[8] B.-G. Chae, H.-T. Kim, D.-H. Youn, and K.-Y. Kang, “Abrupt metal-insulator transition observed in VO2 thin films induced by a switching voltage pulse,” Physica B: Condensed Matter, vol. 369, no. 1-4, pp. 76–80, 2005.

[9] J. Nag and R. F. H. Jr, “Synthesis of vanadium dioxide thin films and nanoparticles,” Journal of Physics: Condensed Matter, vol. 20, no. 26, p. 264016, 2008.

[10] M. C. Bein and J. Mizsei, “Contracting current paths in vanadium dioxide thin films”, Proceedings of the 17th International Workshop on THERMal Investigation of ICs and Systems (THERMINIC'11), pp. 66-69, 2011.

[11] C. Berglund, “Thermal filaments in vanadium dioxide,” Electron Devices, IEEE Transactions on, vol. 16, no. 5, pp. 432 – 437, may 1969.

[12] S. Xu, H. Ma, S. Dai, and Z. Jiang, “Study on optical and electrical switching properties and phase transition mechanism of Mo6+ -doped vanadium dioxide thin films,” Journal of Materials Science, vol. 39, pp. 489–493, 2004.

1.2.3 Progress beyond the state-of-the-art using TELC concept
Thermally controlled VO2 resistors have been used earlier in switching matrix [13], and logic circuit [14]. These patents can be considered as precursors of the TELC, but until now the thermal signal has not been treated as a logic variable. Also, the idea of the thermal-electric active device (phonsistor) is completely new.
The primary goal of the development of vanadium dioxide-based functional devices is the possibly smaller feature size, because of the simple structure of each device compared to MOS transistors. As thermally controlled resistors of vanadium dioxide are bulk devices effects of scaling on doping can be avoided.
The theoretical basis of the heat transfer is the Fourier equation between the speed of temperature change and the second derivative (divgrad) of the spatial temperature distribution: 


In heat transfer analysis the thermal diffusivity () is the ratio of thermal conductivity to volumetric heat capacity:


where k is the thermal conductivity (SI units : W/(mK) ),  is thedensity (SI units : kg/(m3)), cp specific heat capacity (SI units : J/(kg K) ). The thermal diffusion length 


is the characteristic length of propagation of thermal information at a given t time scale. The thermal diffusivity can be estimated as  ~10-6 m2/s for typical heat isolator (SiO2). At 10-10 sec time scale (10 GHz) the value of the thermal diffusion length is Lth=10-8 m (10nm). For the case of heat conductor (Si) the thermal diffusion length Lth is 7x10-8 m (70nm).

As it has been demonstrated earlier, the SMT effect exists down to 10 nm crystalline size [15], the above calculated values for the thermal diffusion length characterise the scale down possibility for the phonsistor device. 


	90 nm — 2002 

65 nm — 2006 

45 nm — 2008 

32 nm — 2010 

22 nm — 2011 

16 nm — approx. 2013 

11 nm — approx. 2015
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Fig. 12. Half-nodes of CMOS technology: see and compare the TELC functional gate size to a single, scaled down MOS transistor (and note the “More than Moore concept)
	
	Geometry, volume
	Power supply voltage
	Clock frequency
	Number of components

	Recent CMOS gate properties:
	(22+22)x50x50 nm, 110000 nm3
	0.8-0.7 V
	4 GHz
	2
 (“driver-loader”)

	Theoretical limits (over-estimated) for CMOS:
	(11+11)x30x30 nm (3D) 19800 nm3
	0.5 V
	6 GHz 
	2
(“driver-loader”)

	Estimated limits for TELC:
	10x10x30 nm (3D) 3000 nm3
	0.4- 0.2 V
	10 Ghz 
	1
(functional device)


Table I. Progress beyond the state-of-the-art in numbers, using TELC concept 
The possibility of the integration of the TELC into a conventional CMOS IC is demonstrated in Fig. 9. b. The integrated CMOS-TELC device combines the advantages of matured CMOS technology and the new possibilities of the scaled down VO2 functional device (improved speed, memory effect in one device).
In addition to the realization of traditional digital functions by simpler construction, the proposed technology allows us to build more complex, appropriately analog functions with fewer parts compared to traditional silicon technology.
It should be pointed out, that Lei Wang and Baowen Li describe the emerging field of “phononics”, i.e. thermal transistors and logic [16]. Researchers have succeeded in building diodes and transistors that manipulate or control heat. However their concept for thermal transistors and hypothetic thermal logic is not based on semiconductor-metal transition, thus it completely differs from ours. 

[13] SWITHCING INVERTER WITH THERMOCONDUCTIVE MATERIALS, US patent, No 4,059,774

[14] LOGIC CIRCUIT USING METAL_INSULATOR TRANSITION (MIT) DEVICE, WO2008/054055
[15]  Kyu Won Lee, Jin Jung Kweon, Cheol Eui Lee, A. Gedanken, and R. Ganesan, “Infrared-wave number-dependent metal–insulator transition in vanadium dioxide nanoparticles”, Appl. Phys. Lett. 96, 243111 (2010); doi:10.1063/1.3454783 (3 pages)

[16]   http://www.physics.nus.edu.sg/ThermallogicPWMar08li.pdf , 25/01/2012

1.3 S/T methodology and associated work plan

1.3.1 The overall strategy of the work plan

The project is structured into seven WPs. 
WP1 We plan to produce of VO2 films by laser ablation, molecular beam epitaxy, and cathode sputtering. Layered VO2 structures with metal electrodes could also be built with alternate use of material sources, in order to form test structures (microdevices and nanodevices) using photoresist technology, damascene technology, and/or focused ion beam. However, these devices are planned to work as thermally-driven active devices even in 10 nm linear size, our goal to demonstrate the operation below micrometer dimensions.
Electrical (resistivity, work-function) measurements, crystal structure and composition analysis, thermally induced phase change measurements on thermally coupled SMT devices are planned in WP2. Although SMT-induced optical changes in VO2 are well known, the spatial inhomogeneity in electrically induced SMT has not yet been studied. The optically observed spatial location of semiconductor and metallic regions will be analyzed in order to conclude a possible SMT formation mechanism. The parameters of the spatial structure could be informative of the electrical-thermal-structural interactions in VO2 thin films.
WP3Thermal-electric modeling and computer simulation SMT structures and devices may reveal the behaviour of active layers, even with imperfect crystalline structures, multi-layer structures considering the role of substrate and contact layers, complex device structures containing more thermally coupled SMT devices and heating elements. Based on the results of the simulation one can report about the possibility of constructing IC with SMT devices. Further investigation is necessary into the feasibility of the VLSI termo-electric logic circuit and new principles for logic design for that kind of devices.
Improving the SMT device theory There is no description of coupled SMT devices (phonsistors), especially for the case of nanosized structures. Besides the thermal coupling the role of tunnel effect and ballistic transport of electrons in nano-scale devices have to be investigated and discussed in WP4. 
WP5 Exploitation & Dissemination will play an important role in stimulating the adoption and exploitation of the results of the project in the scientific community as well as on the commercial market at large. Actions will include: patenting, setting up a project web page, presentation at scientific conferences, publications in scientific journals and in awareness-raising media.
1.3.2 The timing of the different WPs and their components

Table 1.3.2a. Planning and timetable (in months)
	Activity
	Title
	1-5
	5-10
	10-15
	15-20
	20-25
	25-30
	30-35
	35-40
	40-45
	45-50
	50-55
	55-60

	WP1
	Produce of VO2 films
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	
	

	Task 1.1
	for layered VO2 structures
	x
	x
	x
	x
	x
	
	
	
	
	
	
	

	Task 1.2
	for SMT devices
	
	
	
	x
	x
	x
	x
	x
	
	
	
	

	Task 1.3
	for micro/nanoelectronic devices (integrated circuits)
	
	
	
	
	
	
	x
	x
	x
	x
	
	

	WP2
	Measurements
	
	
	x
	x
	x
	x
	x
	x
	x
	x
	x
	

	   Task 2.1
	of layered VO2 structures
	
	
	x
	x
	x
	x
	
	
	
	
	
	

	Task 2.2
	of SMT devices
	
	
	
	
	x
	x
	x
	x
	x
	
	
	

	Task 2.3
	of micro/nanoelectronic devices (integrated circuits)
	
	
	
	
	
	
	x
	x
	x
	x
	x
	

	WP3
	Thermal-electric modeling and computer simulation
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	Task 3.1
	of layered VO2 structures
	x
	x
	x
	
	
	
	
	
	
	
	
	

	Task 3.2
	of SMT devices
	
	
	
	x
	x
	x
	
	
	
	
	
	

	Task 3.3
	of micro/nanoelectronic devices (integrated circuits)
	
	
	
	
	
	
	x
	x
	x
	
	
	

	Task 3.4
	thermal-logic modeling of termo-electric ICs
	
	
	
	
	
	
	
	
	
	x
	x
	x

	WP4
	Improving the SMT device theory
	
	
	x
	x
	x
	x
	x
	x
	x
	
	
	

	Task 4.1
	basic phenomena (tunneling, ballistic transport)
	
	
	x
	x
	x
	
	
	
	
	
	
	

	Task 4.2
	scaled down thermal transport
	
	
	
	
	
	x
	x
	x
	x
	
	
	

	WP5
	Exploitation and dissemination
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x


1.3.3 Detailed work description broken down into work packages:

3Table 1.3.3a. Work package list
	Work

package

No

	Work package title

	Type of

activity

	Lead

partic

no.

	Lead

partic.

short name

	Person-months

	Start

month

	End

month


	1
	Produce of VO2 films
	RTD
	
	
	
	
	

	2
	Measurements
	RTD
	
	
	
	
	

	3
	Thermal-electric modeling and computer simulation
	RTD
	
	
	
	
	

	4
	Improving the SMT device theory
	RTD
	
	
	
	
	

	5
	Exploitation and dissemination
	DEM
	
	
	
	
	


*RTD = Research and technological development; DEM = Demonstration; 

Graphical presentation of workpackage groups, workpackages and tasks (relations are represented by different style of  arrows)

[image: image6]
Table 1.3.3c. Deliverables List
	Del. no.

	Deliverable name

	WP no.

	Nature
	Dissemination

level

	Delivery

Date (proj.

month)

	D1.1
	Layered VO2 samples
	1
	P
	PP
	

	D1.2
	SMT devices (phonsistors) 
	1
	P
	PP
	

	D1.3
	TELC (thermal-electrical logic circuit)
	1
	P
	PP
	

	D2.1
	Measurement demonstration on layered samples
	2
	R
	PU
	

	D2.2
	Measurement demonstration on SMT devices
	2
	R
	PU
	

	D2.3
	Measurement demonstration on TELC
	2
	R
	PU
	

	D3.1
	Thermal-electric modeling and simulation I.
	5
	R
	PU
	

	D3.2
	Thermal-electric modeling and simulation II. 
	5
	R
	PU
	

	D3.3
	Thermal-electric modeling and simulation III. 
	5
	R
	PU
	

	D3.4
	Thermal-electric modeling and simulation IV. 
	5
	R
	PU
	

	D4.1
	Improving the SMT device theory I.
	4
	R
	PU
	

	D4.2
	Improving the SMT device theory II.
	4
	R
	PU
	

	D5.1
	Project home web page
	6
	D
	PU
	

	D5.2
	Midterm report on dissemination and exploitation activities
	6
	R
	PU
	

	D5.3
	Final report on dissemination and exploitation activities
	6
	R
	PU
	


R = Report, P = Prototype, D = Demonstrator, O = Other

PU = Public, PP = Restricted to other programme participants (including the Commission Services).

Table 1.3.3d. List of milestones
	Milestone

number
	Milestone

name
	Work package(s)

involved
	Expected date
	Means of

verification

	M1
	“sandwich”
	WP1,  1.1 task

WP2, 2.1 task

 WP3, 3.1 task
	
	Layered VO2 sample, measured and simulated results

	M2
	“phonsistor”
	WP1, 1.2 task 

WP2, 2.2 task 
WP3, 3.2 task

WP4, 4.1, 4.2 tasks 
	
	VO2  based phonsistor device, measured and simulated results

	M3
	“TELC”
	WP1, 1.3 task

WP2, 2.3 task
WP3, 3.3, 3.4 tasks

WP4, 4.1, 4.2 tasks 
	
	VO2  based thermal-electric logic circuit, measured and simulated results


Show how you will confirm that the milestone has been attained. Refer to indicators if appropriate. For example: a laboratory prototype completed and running flawlessly; software released and validated by a user group; field survey complete and data quality validated.

Table 1.3.3e: Work package description
	Work package number
	1
	Start date or starting event: 

	

	Work package title
	Produce of VO2 films

	Activity type
	Research and technological development (RTD)

	Participant number
	
	
	
	
	
	
	

	Participant short name
	
	
	
	
	
	
	

	Person-months per

Participant
	
	
	
	
	
	
	

	Objectives
Although the SMT effect of VO2 has been well known for decades, the literature mentions practically no reliable technology to produce high quality, stoichiometric VO2 thin films. We plan to produce VO2 thin films by laser ablation, molecular beam epitaxy, and cathode sputtering. Layered VO2 structures with metal electrodes could also be built with alternate use of material sources, in order to form test structures (microdevices and nanodevices) using photoresist technology, damascene technology, and/or focused ion beam. However, these devices are planned to work as thermally-driven active devices even in 10 nm linear size, our goal to demonstrate the operation below micrometer dimensions.



	Description of work (possibly broken down into tasks) and role of partners

Task 1.1 Development of processes for layered VO2 structures 

-VO2 layer technologies (laser ablation,  and cathode sputtering)
-VO2 layered structure development for lateral and vertical current flow (solving contact problems and sandwich technology),

Task 1.2 Development of processes for SMT devices (producing thermally coupled SMT resistors down to micrometer regions) ,
Task 1.3 Development of processes for micro/nanoelectronic devices (integrated circuits), 

	Deliverables (brief description) and month of delivery

D1.1
Layered VO2 samples  10
D1.2
SMT devices (phonsistors)   20
D1.3
TELC (thermal-electrical logic circuit)  30

	Milestones

M1, M2, M3


	Work package number
	2
	Start date or starting event:

	7th month, or earlier, after getting the first sample from WP1

	Work package title
	Measurements

	Activity type
	Research and technological development (RTD)

	Participant number
	
	
	
	
	
	
	

	Participant short name
	
	
	
	
	
	
	

	Person-months per

participant
	
	
	
	
	
	
	

	Objectives
Electrical (resistivity, work-function) measurements, crystal structure and composition analysis, thermally induced phase change measurements on thermally coupled SMT devices are planned. Although SMT-induced optical changes in VO2 are well known, the spatial inhomogeneity in electrically induced SMT has not yet been studied. The optically observed spatial location of semiconductor and metallic regions will be analyzed in order to conclude a possible SMT formation mechanism. The parameters of the spatial structure could be informative of the electrical-thermal-structural interactions in VO2 thin films.

Special care must be taken with scaled down TELC testing, as this test is of key importance to feasibility considerations.

	Description of work (possibly broken down into tasks) and role of partners

Task 2.1 Measurements on physical properties of layered VO2 structures 
Task 2.2 Characterization of different SMT devices, static properties and dynamic switching behavior. 
Task 2.3 Testing of micro/nanoelectronic devices (integrated circuits). 


	Deliverables (brief description) and month of delivery
 D2.1
Measurement demonstration on layered samples  20

D2.2
Measurement demonstration on SMT devices  25

D2.3
Measurement demonstration on TELC  32

	Milestones


M3


	Work package number
	3
	Start date or starting event:

	1rst month

	Work package title
	Thermal-electric modeling and computer simulation 

	Activity type
	Research and technological development (RTD)

	Participant number
	
	
	
	
	
	
	

	Participant short name
	
	
	
	
	
	
	

	Person-months per

participant
	
	
	
	
	
	
	

	Objectives
Thermal-electric modeling and computer simulation of layered SMT structures and devices may reveal the behaviour of active layers, even with imperfect crystalline structures, multi-layer structures considering the role of substrate and contact layers, complex device structures containing more SMT devices and heating elements. Based on the results of the simulation one can report about the possibility of constructing IC with SMT devices. Further investigation is necessary on feasibility of the VLSI termo-electric logic circuit. An important part of this job is the comparison of the simulated and measured results.    

	Description of work (possibly broken down into tasks) and role of partners 

Task 3.1
Thermal-electric modeling and computer simulation of layered VO2 structures 
Task 3.2
Thermal-electric modeling and computer simulation of layered of SMT devices 

Task 3.3
Thermal-electric modeling and computer simulation of layered of micro/nanoelectronic devices (integrated circuits) 

Task 3.4
thermal-logic modeling of thermo-electric ICs 



	Deliverables (brief description) and month of delivery

D5.1
Thermal-electric modeling and simulation I.

10

D3.2
Thermal-electric modeling and simulation II. 
20

D3.3
Thermal-electric modeling and simulation III.
30

D3.4
Thermal-electric modeling and simulation IV. 
36

	Milestones

M1, M2, M3


	Work package number
	4
	Start date or starting event:

	7th month

	Work package title
	Improving the SMT device theory

	Activity type
	Research and technological development (RTD)

	Participant number
	
	
	3
	
	
	
	

	Participant short name
	
	
	BME
	
	
	
	

	Person-months per

participant
	
	
	20
	
	
	
	

	Objectives
There is no description of coupled SMT devices, especially in the case of nanosized structures. Besides the thermal coupling, the role of tunnel effect and ballistic transport of electrons in nano-scale devices have to be investigated and discussed. An important part of this job is the comparison of theoretical and measured results.    

	Description of work (possibly broken down into tasks) and role of partners

Task 4.1
basic phenomena (tunneling, ballistic transport) 
Task 4.2
scaled down thermal transport 


	Deliverables (brief description) and month of delivery

D4.1
Improving the SMT device theory I.
16

D4.2
Improving the SMT device theory II.
36

	Milestones

M3


	Work package number
	5
	Start date or starting event:

	1rst month 


	Work package title
	Exploitation and dissemination

	Activity type
	Demonstration (DEM)

	Participant number
	
	
	
	
	
	
	

	Participant short name
	
	
	
	
	
	
	

	Person-months per

participant
	
	
	
	
	
	
	

	Objectives
Dissemination of the results (articles, patenting): according to preliminary investigations the idea of the phonsistor and TELC is new and qualifies for patenting. The theoretical and practical results can be published after the patenting process. Near all results of this research work could be included in university curricula dealing with electron devices.

The objective of this WP is to deal with the outcome of the project, both externally by publishing papers, representing the project in the media, participating in congresses, conferences and fairs and internally by the definition of an individual exploitation plan for each of the industrial partners. RTDs will lead the dissemination activities, while the exploitation plan will be subject to cooperation with each of the companies, ensuring that the output is realistic and achievable in 5 years time.

	Description of work (possibly broken down into tasks) and role of partners

	Deliverables (brief description) and month of delivery

Description of work (possibly broken down into tasks) and role of partners
Task 5.1 Exploitation plan management (all, lead by  ?  ) 

· The industrial partners will develop the exploitation plan where further and specific steps will be defined for commercialising project results and exploiting the patents or protected results generated in the project. The project coordinator will ensure that the exploitation plan is acceptable for all partners and the dissemination manager will handle the classic “to protect or to publish?” problems. The partners will monitor the technology licensing possibilities etc. into the continuously updated exploitation plan. 

Task 5.2 Dissemination of project results (all, lead by ?  ) 
Dissemination of project results will be done using the following activity types:

· Development of a project web site: This web site will contain a description of the project (objectives, structure, innovations, consortium…). This general description will be carried out in the two first months of the project. Afterwards the web site will be updated with the public results and deliverables of the project, as well as with news, events and articles about the project results carried out by the partners. Oulu, as Project Coordinator, will be responsible for the project web site development and updating. Also, some articles and public deliverables will be disseminated through the CORDIS service: CORDIS Wire - cordis.europa.eu/wire/
· Media presence: partners will be encouraged to seek the assistance of local and national media (radio, newspapers, TV) in order to inform the general public about the existence and results of the project. The consortium will develop templates that each partner can adapt to their local communication needs. Flyers and posters will also be created, mounted and made available to media professionals right from project start.

· Industrial dissemination: The existing industrial knowledge dissemination results of the industrial partners will be utilized to reach potential end-users, customers and technology licensors of the developed materials and methods. Our previous experience in a similar situation has shown that the three most efficient industrial dissemination methods are: (i) a road-show with a prototype, (ii) exhibition presence at international fairs and conferences and (iii) marketing the TELOCINA devices and developed methods directly to third parties through proven personal contacts. Both the RTD and the industrial partners are highly motivated to distribute as much knowledge as possible without risking the commercial exploitation of the results.

· Scientific dissemination: scientific dissemination will be performed at three levels: (i) entry level (proof-of-concept) demonstrations in e.g. www-based video tutorials, (ii) presentations at scientific conferences (e.g. EMRS, MRS, APS, SPIE, IEEE) and/or workshops (e.g. E-MRS, APS meetings, IWEPNM) and (iii) publications in peer-reviewed scientific journals (e.g.: ACS Nano, Advanced Functional Materials, Small, IEEE transactions, J. Phys. Chem. C etc).

· Teaching and researcher development: The consortium members will give speeches at workshops and seminars organized by national graduate schools for postgraduate and also undergraduate students. During the second period of the project we will organize a workshop to be attended by most of the senior and junior personnel.  

D5.1 Project home web page

2

D5.2 Midterm report on dissemination and exploitation activities
18

D5.3 Final report on dissemination and exploitation activities
         36

	Milestones

M3. 


Table 1.3.3f Summary of effort
	WP1

	WP2

	WP3

	WP4

	WP5

	Total

person

months


	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	


1.4 Technical risks and contingency plans
Technical risks to the TELOCINA project are managed in a responsible way. TELOCINA is an ambitious project, aiming at the development of advanced ….
Materials synthesis → low risk
A multi technological approach has been chosen for the core activities of the TELOCINA project. The individual tasks of material synthesis are, sputtering, and chemical methods on different types of substrates, nanostructures, sampling. This will guarantee that scientific results will be most efficiently generated and that the risks associated with any single approach are reduced. Considering the fact that TELOCINA partners already do have some results from other projects, the chance that either effort fails is effectively minimized. In going beyond this level of initial results, the TELOCINA consortium is well set up, concentrating significant resources with regard to up-to-date instrumentation for imaging, nanomanipulation, functionalization. 
Characterization → low risk
Characterisation, both structural and electrical of sensors is of low risk even with nanomaterials. Indeed the approach of employing many techniques (in particular for operando) is giving complementary and partially redundant information out of the different experiments, so in fact it is tolerable to leave out for certain samples certain types of experiments.
Nanometer size operation → high risk
Major risk associated with the project is if sufficient level of 
2.4 Resources to be committed

The consortium set up by TELOCINA has a clear vision of its objectives and is therefore committed to the right allocation of the financial resources at its disposal. The integration of allocated resources and their focalization towards the aims of the project is insured by the proper internal allocation of responsibilities. Work packages and tasks have been based, as much as possible, on the existing competences of the partners and of the already established cooperation links. All consortium partners provide access to their technologies and know how in order to achieve the project objectives.

Travel expenses are also relevant because a strict and active collaboration is foreseen in order to increase the interconnection and to integrate the expertise and the resources among the partners. A significant part of the travel expenses will be devoted to ensuring the mobilization of researchers, in order to create a flexible and competitive research and development environment that constitutes the basis for creative research activities. It is in fact a strong commitment of the TELOCINA consortium to promote the mobilization of PhD students and researchers among the various partners. A significant portion of the travel costs will be used to support participation at international conferences in the EU in fields related to the scope and objectives of the project.

All partners involve in the project their own scientific personnel (paid with internal funds) and pre-existing laboratories and equipment. TELOCINA partners can guarantee an integrated platform of facilities ranging from materials synthesis, structural and functional characterization, integration into effective nanodevices. The integration and alignment of core activities (funded by national funding agencies) of the different participants along a common theme will give an added research value to the project with a total research activity in relevant areas.
Section 3. Impact
3.1 Expected impacts listed in the work programme

Over the past two to three decades the main line of the technological development has been the scale down of the conventional CMOS device. No new fundamental invention has taken place in the course of this process. The concept of the thermal-electric IC is a completely different way to improve the effectiveness the IC technology. Using the SMT effect in TELC for lower power consumption applications with improved speed and functionality may give a new chance of higher integration “beyond CMOS”.
Expected impacts are in details:

1) Improvement of general knowledge about SMT effect.
2) Demonstration of SMT effect in realistic projects.

3) Development of IC technology.
4) Development of electronics with implementation of new data processing principles.
3.2 Dissemination and/or exploitation of project results

Dissemination of knowledge of a general nature that is of interest to the scientific community as a whole occurs through the usual scientific channels (publications in specialised journals, presentations at international conferences and workshops, institute reports and student dissertations, etc.). Dissemination activities will be planned according to project achievements and external events where the project could be properly publicized. All partners will be strongly aware and committed to this task.

The specific, technology-oriented knowledge required for a successful follow-up of the project is restricted to the consortium partners and Commission Services. There are no existing agreements that would prevent the exploitation of the technologies developed in the project. The terms of confidentiality and intellectual protection provisions are laid down in the Consortium and Coordination Agreement, to be signed by partners prior to the start of the project.

During the lifetime of the project, the background knowledge will be owned by the individual partners with whom the knowledge resides. The foreground knowledge generated during the project will be owned by the generating partner. If in the course of carrying out the work on the project, a joint invention, design or work is made (and one or more parties are contributors to it), and if the features of such joint invention design or work are such that it is not possible to separate them for the purpose of applying for, obtaining and/or maintaining the relevant patent protection or any other IPR, the Parties concerned will jointly apply to obtain and/or maintain the relevant right together with any other party concerned. 

The overall strategy of the project, as far as exploitation and dissemination of results are concerned, will be a task of the Joint General Assembly supported by an Exploitation Panel, appointed by the Joint General Assembly and made up of representatives of partners with a central role in exploitation. The Exploitation Panel will assist and stimulate the appropriate protection of knowledge, identifying potential areas of exploitation. To this aim, it will review the technology within the consortia face to the market drivers affecting exploitation.

Meetings of the Exploitation panel will be held at any time when it is necessary to carry out its tasks. The Panel will then report to the Joint General Assembly, suggesting possible actions to be undertaken. In particular, the Exploitation Panel will assure the protection of IPR; promoting the exploitation via license and patents whenever possible. In principles, the policy of the consortium will be to widely share the knowledge produced, with as few limitations as possible in terms of access to results.

Whenever, during the project life, the possibility of a publication arises, the partner involved will promptly inform the coordinator. This procedure is foreseen so as to make sure that if IPR issues are involved, partners are informed in good time and can act to protect their knowledge. The outcomes in terms of patenting will be strongly encouraged therefore, before publishing the results of the project, the Consortium will verify the opportunity of patenting.

3.3 Exploitation of TELOCINA Results
The industrial partners are privileged to take advantage of innovations arising out of the TELOCINA project. ???? are companies involved in VLSI producing and related technologies, and with regard to the TELOCINA project they are in a great position to improve their existing technologies and create new designs, which can open new market possibilities for the companies. 
Participating industrial partners will have first user rights to the information and innovations developed in the research project, and thus they can achieve an instant effect of the research in their development work. Also, the research plan will be refined and focused on the areas of interest described by industrial partners which allows them to exploit the expertise of the research partners.

From a scientific point of view, research results should present an important input in the knowledge of nanosized material properties and fabrication science in context of 
Results will shed light on the fundamental behaviour of materials in the nanometer scale and the consequences of the interplay between the structural, electrical, and also even thermal properties of these active materials. Research results will be published in high standard refereed international science journals and at international and domestic conferences. Also, more technologically oriented and popular papers will be published in technology industry reviews in the countries involved. As such, results of the TELOCINA project can be also be regarded as scientific background for new research programs and tasks, as well as initiatives for new technology development work.

Section 4. Ethical issues

Products of the electronics and information technology industry are considered as a potential environmental risk by the European Union and worldwide. Several EU directives and pieces of legislation have been adopted in order to prevent environmental and health hazards by the products either imported to or fabricated in EU. This includes instructions about environmental and health hazards of materials, energy and raw material consumption, waste management and control during the fabrication, lifetime, and recycling of the products. The implementation of nanotechnology in new products sets new requirements for environmental and health hazards management.     

Especially, the environmental interactions of the nanoparticles will be considered in the TELOCINA project. Several chemical and physical properties of various materials in the form of nanoparticles have been reporterd to be hazardous to the environment and health, and only a little is known about these effects. Nanomaterials studied in this project can also be fabricated using various chemical methods using a large amount of chemicals that are often toxic and require complex handling and processing procedures consuming a lot of energy and producing plenty of waste.

In the case of the TELOCINA project, nanolayers and structures are mainly fabricated by vacuum technologies and chemical methods. Selected fabrication methods ensure that the health risks imposed by the nanoparticles are minimized since there is no physical contact established with the free nanoparticles during the processing due to vacuum environment. The final product does not emit nanoparticles due to its solid state. Also, the amount of chemical waste and consumed energy are minimized since the material quantities used in processing are extremely small. Control and management of the nanosized materials will be ensured mostly by permanently confining thin films and nanostructures to the larger entities, e.g. substrates, etc., which makes the followup and safe recycling of the materials easy. Research work on hazards of environmental interactions of the nanoparticles is followed intensively, and the results implemented in the TELOCINA project. Local laws, EU directives and legislation will be implemented carefully in recycling of samples, chemical and other waste produced in the TELOCINA project.
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TELC (phonsistor, functional switching device)





WP2: measurements   


Task 2.1	of layered VO2 structures


Task 2.2	of SMT devices


Task 2.3	of micro/nanoelectronic devices (integrated circuits)





WP1: produce of  VO2  films


Task 1.1	for layered VO2 structures


Task 1.2	for SMT devices


Task 1.3	for micro/nanoelectronic devices (integrated circuits)





WP4: improving the SMT device theory


Task 4.1	 Basic phenomena (SMT theory, tunneling, ballistic transport)


Task 4.2	 Scaled down thermal transport








WP5: exploitation and dissemination





WP3: thermal-electric modeling and computer simulation


Task 3.1	of layered VO2 structures


Task 3.2	of SMT devices


Task 3.3	of micro/nanoelectronic devices (integrated circuits)


Task 3.4	thermal-logic modeling of termo-electric ICs
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