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Introduction


The purpose of this short introduction is to summarize the conditions in which ATOMCAD network has been created and to analyse rapidly its progress and its weak points. The participants to ATOMCAD have all a deep and recognized background in the development and use of Micro and Nano Technology CAD tools. The objective for gathering them in a network was to allow the strengthening of the European expertise by :

· Exchanging the knowledge,

· Sharing the databases and Tools,

· Linking Atomic scale softwares to conventional TCAD tools.

The choice of an RTN to achieve this goal was to help the training of young researchers in this strategic field, and at the same time, take advantage of their availability to enhance the exchanges.


In the present situation, a number of achievements can be attributed to ATOMCAD network. Among the positive points are the progress realized by the participant labs within their disciplines of research. This is the result of exchange of ideas and methods, and the multidisciplinary nature of the network. Also, the organization of joint conferences and summer schools, planned for the near future, has only be made possible through this collaboration which has allowed to gather different disciplines and, at the same time, to share the efforts. In this respect, one can say that the organization and management of the network has been efficient.

Finally, the participation to ATOMCAD network has allowed the partners to benefit from National, International and European support. At the same time, ATOMCAD has constituted a concentrating force to build a large community and to prepare an application to the new instruments set up in the 6th Framework Programme. 

However, two weak points should be pointed out. The first has been the difficulty in recruiting young researchers, presently very common in all scientific disciplines, with its consequences in terms of limited number of joint publications and exchange of researchers, as well as tools, within the network. The second point concerns the contact between the network and the EC administration.

In the near future, we are going to improve these points. We have already recruited many young researchers and others are being recruited. We will also try to multiply the contacts with the EC administration.

Part A – Research Results


A.1 Scientific highlights


II - 1) Silicon Gate Oxides


The evolution of transistor gate oxides, especially the trend over the thickness reduction down to 1 nm, has constituted one of the major interest of LAAS, CEA and SP. Their contribution has been in relation with the development and/or exploitation of three software packages in order to perform a multi-scale simulation of the oxidation process. The three following packages have been concerned.


1 - The commercial MSI package, and especially the CASTEP software, has been used for an ab initio investigation of the reaction mechanisms at the origin of the oxidation process. Here, the calculations are based on Density Functional Theory (DFT) using plane wave expansion and ab initio atomic pseudopotentials. The full exchange and correlation interactions are taken into account. The computation time is very long although the calculations have been limited to a small number of atoms (60 to 70 atoms) and only basic elementary reactions have been considered.


A large variety of situations have been tested at this level :


- atomic and molecular oxygen,


- perfect and hydrogenated surfaces,


- presence of defects and impurities on the surface,


- oxygen on the surface or in bulk.


At CEA, ab initio calculations have also been applied to the characterization of vacancies in silicon dioxide. The electronic structure and energy levels related to this defect have been determined using the Quantum Cluster Approximation. Calculations have been performed with clusters containing up to 143 atoms. On the other hand, the electrostatic potential associated with the vacancy defect has been calculated in order to determine the electron capture cross section of the vacancy, for a subsequent use in a macroscopic model.


2 - Based on the above mechanisms, a Monte Carlo package (OXCAD) has been developed between LAAS, CEA and SP. OXCAD keeps track of the evolution large systems, in the range of 100x100 atoms substrates over 10 layers of grown oxide, during several seconds of experiment duration. Furthermore, the simulations are performed under real experimental conditions (temperature, pressure, ...).


The OXCAD package has been validated using :


- XPS (X ray Photoelectron Spectroscopy) data,


- SREM (Scanning Reflection Electron Microscopy) data,


- and, mainly, IR (Infra Red) Spectroscopy data obtained at Bell Labs on the early stages of silicon oxidation.


This latter validation has been performed in the frame of collaboration with Bell Labs, with an exchange of post doc. The validation has reproduced accurately the experimental data related to the wet oxidation of silicon. IR spectroscopy data on the first stages of dry oxidation are not yet available because of the difficulties in the interpretation of spectra. But the perfect agreement between the simulation results and experimental data has encouraged acceleration of experimental investigation on dry oxidation.


The validation of OXCAD package beyond the first stages of oxidation is under investigation. An exploitation phase will follow to simulate the nature, the density and the spatial distribution of various defects created during the oxide growth, under specific experimental conditions. A reasonable prediction of these data will certainly simplify the technological runs to be performed.


3 - The software package TRAPPOX has been developed at CEA to simulate the electrical behaviour of electronic devices under charge injection by irradiation. Macroscopic considerations based on the densities of various defects present in the oxide layer and their capture cross section is used in the model to calculate the leakage current and the effect of charged defects on the switching properties of MOS transistors. The objective has been to improve the technology processes towards the radiation hardening of the devices.


Obviously, like any other package based on a macroscopic model, the software needs phenomenological parameters : natures, densities, charge states, spatial distributions and electron capture cross sections of various defects created in the oxide layer during the oxidation process or as a result of subsequent irradiation.


This field of investigation is particularly adapted to the use of multi-scale modelling since the macroscopic and Monte Carlo simulations need phenomenological parameters which can be provided by experimental observations or by the use of more sophisticated models.


The OXCAD Monte Carlo package needs the knowledge of the probabilities related to different events, i.e. basic elementary processes involving atomic scale motions or reactions. These probabilities can be calculated using an Arrhenius law containing activation energy barriers, which can be determined via ab initio calculations. This is the main reason why we have used the MSI software to investigate the basic reaction mechanisms.


The parameters needed by TRAPPOX can, in turn, be obtained as outputs of :


- the Monte Carlo OXCAD software : nature, density and spatial distribution,


- ab initio MSI package : charge states and electron capture cross sections of defects.


Successive use of these packages operating at different levels of modelling will lead to the global simulation of electrical properties of the devices, starting from ab initio considerations. Of course, experimental parameters, if available, can always be introduced in the simulation packages and are indeed preferred to calculated values. However, the experimental parameters are often lacking and one has to use the calculated values.


II - 2) Ion Implantation Defects Behaviour


NMRC and CNM have already been involved with simulations related to ion implantation in silicon alloys and compound materials.


NMRC has used the ab initio academic codes FHI96MD and TURBOMOLE to study the electronic states and the photoexcited dissociation of dopants in GaAs and in C60 clusters. Monte Carlo Configuration Interaction simulations have been successfully applied to the following dopants cases :


- C-H in As site of GaAs,


- Si-H in Ga site of GaAs,


- N in C60 clusters.


The calculations have been performed on small clusters, but the extension to large clusters is in progress.


An alternative model based on ab initio treatment of periodic structures has been applied to the cases of C, C-H, C2 and C2H in As site of GaAs. A supercell containing 64 atoms with periodic boundary conditions has been used in the calculations.


CNM has been mostly interested to the case of SiC on both the technological and simulation grounds. The software package SIESTA, developed at Madrid University, based on Molecular Dynamics calculations and using classical atomic potential energies has been applied to post implantation diffusion of dopants and defects. The cases of Si and C vacancies and interstitials in SiC have been studied. The interstitial positions investigated include :


- the hexagonal configuration,


- the tetragonal configuration with Si or C as first neighbours,


- the dumbell configuration in Si or C sites.


The physical characteristics of interest have been the features of the diffusion of the above simple defects in SiC, but also the mechanisms of formation of extended defects via their interaction and as a result of their diffusion.


On the other hand, two versions of the software package TROCADERO based on Tight Binding Molecular Dynamics simulations have been developed at CNM. The second version makes use of more recent Tersoff potentials to describe atomic interactions. These packages have also been used to investigate the above mentioned problems related to the enhanced diffusion of defects and impurities after ion implantation.


II - 3) Alternative materials


Study of alternative materials is in the scope of ATOMCAD programme, although there is presently no available results within the network. Two major fields are of interest.



3 -1) Alternative oxides

Alternative oxides can replace silicon dioxide in silicon devices to reduce voltage and power consumption. Several ATOMCAD partners are involved in a European project (HIKE) which is going to start soon. The objectives of the project are to investigate the deposition of these oxides, their interaction with the silicon substrate and eventually the silicon dioxide, as well as their influence on the subsequent operation of the devices.



3 - 2) Silicon based alloys

Silicon based alloys, SiC and SiGe, are promising materials for the fabrication of devices to be used in specific applications where silicon device performances are not high enough. The point of interest for ATOMCAD partners is mainly the gate oxide growth where new experimental features, not well understood, have been experimentally observed.


In both fields, the past experience of ATOMCAD partners either on heteroepitaxial growth of materials or on the oxidation of silicon will be extensively used.


II - 4) Biological and Biochemical Applications


During the recent years, these applications have concentrated an enormous effort among the microelectronic community. They concern the medical and environmental worlds and are based on the association of large molecules, used as chemical sensors, and microelectronic devices, devoted to the rapid data acquisition and processing. The most famous type of devices is the biochip, which can detect and analyse simultaneously some thousand different chemical species. The problem is the association of large molecules to surfaces (Si, SiO2, ...). In general, a coupling agent is used as an intermediate agent to attach the reactive molecule to the surface.


The technological processes, however, lack reproducibility and show a low fabrication yield. Modelling and simulations are therefore necessary to analyse the microscopic mechanisms responsible for the above low performances.


Participants to ATOMCAD network have clearly stated their interest to investigate the field of molecule-surface interactions in the near future.


A.2 Joint Publications and Patents


Although the work within partner labs has led to a large number of publications, there has only been one joint publication because of the difficulties in recruiting young researchers and because the results of exchanges are just emerging.

A. ESTEVE, M. DJAFARI ROUHANI, J. GREER, S. ELLIOTT, P. PAILLET, J.L. LERAY

Atomic Scale Modelling of Nanotechnologies : Thin Film Gate Oxide Simulation, 

European Community/National Science Foundation Workshop on “NanoTechnology Tools and Instrumentation for Research and Manufacturing”, 12 - 14 juin 2002, Grenoble


An effort should be made in this direction.

Part B – Comparison with the joint programme of work


B.1 Research Objectives


Four points have been stated in the contract to prepare the transition from micro to nano technologies :

1) to collect the tools and methods already available,

2) to organize these tools in the scope of hierarchical models,

3) to implement the outcome into the conventional tools used in the semiconductor industry, by creating a common platform accessible via internet,

4) to organize a training program, for engineers in the electronic industry and young graduate students, on the new concepts, models and tools.

All four points are still valid. The first two have already been completed. The fourth point has progressed, but not still completed at the present stage. The third point will be dealt with in the near future.


In the contract, the purpose of the common work has been described in five items :

1) To organize the exchange between the participants to raise their ability to treat complex problems, and to provide data to be injected in conventional tools in place of adjustable parameters,

2) To organize the concerted linking of the packages of the new generation of TCAD tools, already developed by the participants, to the existing conventional tools,

3) To organize a network of advanced competences to offer expertise to industrial partners who lack time to perform the job,

4) To develop a nucleus for a Monitoring Module to be implemented later in the conventional tools,

5) To create a common platform devoted to cooperative work and using multimedia facilities.

Points (1) and (3) have been successfully achieved. The industrial implication is foreseen within a European project. Point (5) is going to be started by SIGMAPLUS as soon as a young researcher is recruited. Point (5) is in the scope of the future plans. Point (4) seems difficult, although not impossible, to achieve at this point. The reason is again the difficulty of recruiting adequate young researchers.

To start with the programme, five fields of investigation were suggested. ATOMCAD partners have developed software packages related to these fields or participated to their development. These are summarized in the following :

1) Thin Film Silicon and  Metal Oxidation (at LAAS and CUT),

2) Diffusion (conventional and enhanced diffusion) with the participation and formation of complexes, in particular after ion implantation (at CNM),

3) Semiconductor and Metallic Thin Film Growth, homo and heteroepitaxial (at LAAS),

4) Electrical and Mechanical properties of Interfaces (at CEA and LPS),

5) Thermo-Mechanical behaviour of devices (at CUT).


B.2 Research Methods


The network methodological approach is based on four initiatives :

1) The collection of already available laboratory tools and methods,

2) The organization of selected methods and tools in the scope of hierarchical models and multi-scale simulations,

3) The implementation of the selected softwares within existing conventional TCAD tools,

4) The training programme consisting of :
· Assembling high level scientists, in order to exchange complementary views,

· Creating a network of specialists, at the same level as in the US, to initiate a fruitful discussion,

· Training engineers to become familiar with the new tools,

· Preparing university lecturers to introduce new concepts and tools within the traditional courses.
The above method has been used during this first stage with successful results. ATOMCAD partners intend to continue with the same  method during the second stage of the contract.


B.3 Work Plan

The work plan has been organized around four vertical Tasks and four horizontal Actions represented in Figure 1 and summarized in the following.

· The first task (T1) is the Software Development,

· The second task (T2) is the Software Interfaces Development,
· The third task (T3) is the Internal Dissemination and Multimedia Support,
· The fourth task (T4) is the Usability Demonstration,
· The first action (A1) is the Models and Tools Inventory,
· The second action (A2) is the Training Programme,
· The third action (A3) concerns the External Dissemination of Tools,
· The fourth action (A4) is the Progress Survey.
The general scheme is still valid. The work performed within ATOMCAD has followed this scheme, although delays have been noticed, again due to the difficulties in recruitment of young researchers. We do not see any objective reason to change this scheme.

The delays concern mainly the Task (T2) and (T3), and the Action (A2). Progress in these items needs rapid recruitment of young researchers. Other tasks and actions progress correspond to the initial chart represented in Figure 2. 


B.4 Organization and Management


The management is performed via the Executive Committee, composed of scientists in charge of the network from each participants.


The role of the Executive Committee is :


- to examine and to approve the progress report,


- to supervise the progress of the network,


- to point out the eventual deficiencies and bottlenecks in achieving the tasks,


- to propose the means to overcome these difficulties.


The communication between network members is performed via regular meetings and permanent communication through e-discussions.

A website is specially dedicated to the ATOMCAD network www.laas.fr/ATOMCAD. Here, the major events and reports concerning the ATOMCAD Network are reproduced.


Almost all participants have their own home pages within their respective institutions. We are not reproducing them because of the space limitations.

Meetings, Conferences and workshops Organization


The major network meetings are :

· Feb. 17th and 18th 2000, at LAAS-CNRS, Toulouse,

· March 1st and 2nd 2001, at CNM, Barcelona,

The next meeting will be held on Feb. 21st and 22nd 2002, at NMRC, Cork.

Organization of Conferences and Summer schools are provisioned during 2002 and 2003.

Short visits and bilateral meetings

· Visit of Jim Greer from NMRC to LAAS and LPS in March 2000,

· Visit of Andreas Larsson from NMRC to LAAS and LPS in Toulouse during March 2000,

These visits will be multiplied in the future and include larger period visits, as a result of young researcher recruitment.




Participation of young researchers to Conferences

· Andreas Larsson from NMRC to CHIPPS 2000 in Berlin,

· Andreas Larsson from NMRC to the Irish Atomistic Simulation Meeting in Belfast, Dec. 2000,
· Andreas Larsson from NMRC to the Irish Atomistic Simulation Meeting in Belfast, Dec. 2001
· Riccardo Rurali from CNM to Summer school courses on “Computational Materials” in Lucca, Sept. 2001, organized within the frame of NATO Advanced Study Institute,
· Riccardo Rurali from CNM to SIESTA meeting in Madrid, Sept. 2001,
· Riccardo Rurali from CNM to ISCRM 2001, in Tsukuba, Japan, Oct. 2001,
· Riccardo Rurali from CNM to Total Energy Methods in Computational Condensed Matter, Tenerife, Jan. 2002
More participation of young researchers to conferences are already provisioned during 2002.


B.5 Training


Vacant positions have been publicized through internet sites : Cordis.lu, ccl, nmrc.


However, a large number of applications received did not satisfy the eligibility conditions : citizenship, age limit.


As can be seen in the Table below, only a small part of the provisioned young researchers have already been recruited. This has not only been a reason for the delays in the progress of work plan, but also have prevented the ATOMCAD network to set up collective training tools such as summer schools and university lectures. For the coming year, we have the hope to improve the recruitment and , therefore, to proceed to the organization collective training programmes.

	Participant
	Contract deliverable of Young  Researchers to be financed by the contract (person- months)
	Young Researchers financed by the contract so far (person-months)

	
	Pre-doc (a)
	Post-doc (b)
	Total (a+b)
	Pre-doc  (c)
	Post-doc (d)
	Total (c+d)

	1-LAAS
	40
	12
	52
	3
	0
	3

	2-NMRC
	0
	45
	45
	0
	22
	22

	3-CNM
	44
	6
	50
	35
	0
	35

	4SP
	0
	14
	14
	0
	0
	0

	5-CUT
	0
	33
	33
	0
	0
	0

	6CEA
	0
	14
	14
	0
	0
	0

	TOTAL
	84
	124
	208
	38
	22
	60



The young researchers so far recruited have been directly inserted into the current research programmes of ATOMCAD partner labs. This has ensured them to benefit from the past experience and expertise available within the host institutions. In cases where the individual research programme of the young researcher had made enough progress, visits to other partner labs have been organized in order to ensure multidisciplinarity of the training (see B4). In the same cases, participation of young researchers to conferences have allowed them to take contact with internationally recognized senior researchers and, at the same time, to present their own results to the scientific community.


In order to promote equal opportunities between male and female candidates, priority has been given to the recruitment of female candidates having the same qualifications. Two of them have recently been chosen by LAAS-CNRS. Unfortunately, none of them continued through the entire procedure. This shows the even more difficult task of recruiting female candidates. To our opinion, the reason is the limited number of candidates with regard to the large number of available positions.


The opportunity to set up ATOMCAD network has given the possibility to participating labs to apply for larger projects with National or European support. The HIKE “High –k Dielectric Film Growth” European project dealing with the modelling and simulation of high – k materials, as an alternative to silicon oxide gates in MOS Transistors, is one such example. Young researchers already recruited, or being recruited in the future, will have the opportunity to work in these projects in close contact with industrial partners.


A second action concerns the organization of summer schools and university courses which should gather people coming from universities, research centres and engineers from the industries. This action is in the future programme of the ATOMCAD network.


B.6 Difficulties


The only difficulty encountered has been the recruitment of young researchers by some of the partners. Indeed, not all partners were familiar, at the beginning of the contract, with special procedures needed to recruit young researchers with European citizenships. This problem concerned those partners traditionally used to proceed to national recruitments. In some cases, additional difficulties came from the administration in the above institutions. It should be pointed out that this difficulty was conjugated with the lack of candidates from EU and the need to recruit Associated Members citizens. In this case, the administrative problems were increased by the need to obtain visas and residence permits for the potential candidates, with the result of subsequent delays.


Today, we can say that these difficulties are overcome, with the advantage that European recruitment has almost become a routine in the majority of these administrations.

Conclusion


To summarize, we can observe considerable scientific progress within the labs participating to the ATOMCAD network. This results from the previous expertise of each lab, but also from the contacts and fruitful discussions between these labs.


The main difficulty concerning the recruitment of young researchers has now been overcome and we expect to run the contract along the initial proposal. However, delays in the outcome of some tasks and actions should be accounted for.


The difficulty in recruiting EU citizens has led us to recruit young researchers among Associated Members of the EU. This puts ATOMCAD network directly inside the new European Area.


Finally, the constitution of ATOMCAD network has been of great help to some of the partners for building more ambitious European projects.
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Figure 1: Main relation between Tasks and Actions within ATOMCAD
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