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Introduction: This project applies knowledge derived from the science of molecular electronics to address challenges confronting the technology of microelectronics.  The fundamental goal is to develop “Surface State Engineering,” that is, the ability to precisely modify the electronic structure of semiconductor surfaces through the addition electronically active organic surface monolayers.  Produced in a dense, highly perfect and stable form, the intimate binding between organic and semiconductor atoms should facilitate subtle transfer and interaction between the electrons of the constituents.  In the shorter term, this could provide a replacement for conventional trace impurity doping of semiconductors, a process that suffers from severe statistical variability when applied to nanoscale MOSFET devices.  In the longer term, it might be possible to exploit subtle quantum mechanical resonances between tightly coupled organic and semiconductor electrons to develop new modes of surface conduction, providing alternatives to the aging transistor technology.

In pursuit of these goals, we employ a threefold investigation strategy.  First, serving the role of project pathfinders, our modelers have developing tools that effectively combine the very different physics of quantum-dot-like single organic molecules with the extended electronic structure of the underlying semiconductor crystal.  These comprehensive yet timely approaches allow us filter the wide range of alternatives to identify those holding the most promise.  Second, guided by the above modeling, our basic experimentalists are studying the effect of surface electronic traps on nanoscale conduction within surrogate carbon nanotube and graphene FET device structures.  And third, our applied experimentalists are developing full nanoscale backgated silicon on insulator (SOI) MOSFET test devices in which the above knowledge and assessment techniques will come together to investigate the technological promise of Surface State Engineering.  That work involves development of both nanoscale device processing techniques and identification of organic molecules providing a full palette of electron withdrawing, contributing, and passivating behavior upon silicon surfaces.

Modeling and Fundamental Characterization: Modeling, driven by Ghosh, combines Density Functional Theory (for continuum Si electronic states) with Extended Hückel Theory (for confined molecular states) to model FET conduction within the framework of Non-Equilibrium Greens Functions.  As represented below, this has been applied to four different modes of surface state to continuum crystal interaction: potential screening, charge scattering, vibration mediated scattering, and phase scattering upon optical excitation of the surface trap:

[image: image1.png]GATE

Potential Scattering Charge Scattering Vibration Mediated Scattering Phase Scattering




Models1,2,3 have been applied to experiments by Williams and Harriott on carbon nanotubes (CNT) and graphene layers.  These serve as convenient surrogates for an ultimate nanoscale silicon device.  Acting as the channel segments of a backgated FET structure, the random charging of traps modulates the channel current producing “random telegraph signals” (RTS).   Those surface state traps have been controllably generated within CNT and graphene channels via exposure to nanoscale electron beams.  Comparison of models and data has already produced critical observations.  First, in contrast to earlier fundamental investigations, we find it is possible to accurately model data produced by multiple traps of initially unknown energy and position along the channel.  This is done through the careful analysis of both the frequency and gate voltage dependence of the RTS signals.  Second, for traps in close proximity to one another, models have explained complex RTS behavior as being produced by trap interaction and relaxation.  Third, models of organic attachment to Si predict that RTS data will not only be able to distinguish between different molecules but also between alternative attachment geometries:
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Development of a Nanoscale Organo-Silicon FET:  Bean and Pu collaborated on the development of a palette of organic on silicon molecules.  To provide the quality imperative in electronic devices, the first task was to develop a procedure that would provide for dense, absolutely reproducible, Si site by Si site attachment of the organics.  This was accomplished via the mechanism of hydrosilylation: Silicon surfaces are first chemically passivated with a hydrogen layer.  Organics are then introduced having a terminal triple or double carbon-to-carbon bond.  UV illumination then ruptures one of those bonds with one carbon pulling a hydrogen atom off the Si surface, and the other bonding to the then exposed Si atom.  When conducted under UHV conditions, hydrosilylated attachment worked so well that the second task of Si organic surface passivation was achieved.  Specifically, via pulsed photoconductivity measurement of near surface minority carrier lifetimes it was shown that bound acetylene could provide passivation of Si surface bonds as effective as that produced by conventional dry thermal oxidation.  Controlled surface band bending of Si surfaces was then demonstrated based on attachment of variants of phenylacetylene. Finally, surface polarization and charge transfer were fine tuned by diluting electronically active organics with passivating organics.  Here it was observed the strongest electronic modification of the Si surface was sometimes achieved for mixed molecular monolayers.  This may occur because molecule-to-molecule electrostatic interaction suppresses the polarization of molecules if they are immediately adjacent to one another.  The surface electronic effect of polarizable phenylacetylene thus initially increases as, on the Si surface, it is partially replaced with passivating acetyene.  Only when the acetylene fraction is further increased does the composite layer eventually shift towards electrically neutral behavior.

The above organo molecular palette is thus ready to be married to a full back and side gated SOI MOSFET test structure.  Initially this was pursued only in the form of the nanoscale channel width device represented schematically, below left.  This route was chosen because at the outset of the project, based on earlier literature studies, it was believed that it might only be possible to analyze devices with at most a few active traps  (and hence the need for an exceedingly small net channel surface area).  However, our modeling then proved capable of deconvoluting the impact of many electronics traps.  Further, we have now demonstrated mixed molecular layers in which electronically active organics can be strongly diluted with passivating organics, providing a means of producing manageably low numbers of electronic surface states over even conventional micron scale devices.  These discoveries have led us to shift to a parallel Si device development effort where electron beam lithography is being used to develop a deep sub-micron channel width device, while conventional optical lithography is being applied to a micron scale device.  For the deep sub-micron e-beam process, SEM micrographs of key source-drain pad, channel and side gate structures are shown at the center and right, below.
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