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 The barrier height for electron exchange at a dielectric/semiconductor interface has long been interpreted in terms of Schottky’s theory with modifications from gap states induced in the semiconductor by the bulk termination.  We show rather, with the structure specifics of heteroepitaxy, that the electrostatic boundary conditions are set by dipole formation in a distinct interface phase that acts as a “Coulomb Buffer”.  This Coulomb buffer is tunable, offsets the relative electrostatic potential on either side of the interface and may well functionalize the barrier height concept itself.

We have successfully implemented a parallel eigenvalue/eigenvector solver based in ScaLAPACK software into the Plane Wave Self-Consistent Field (PWSCF) first principles electronic structure code.  Due to the large size of these systems, this parallel implementation has enabled the investigation of crystalline oxides grown commensurately to a semiconductor (COS).  COS is emerging as a new physical system for metal oxide semiconductor (MOS)-based nano-devices.  Despite the great technological interest in the development of a new class of materials for device applications, there are still many fundamental open questions concerning the interplay between interface geometry, electronic structure, functionality and performance. When Schottky and Mott formulated the barrier height theory for metal/semiconductor junction, and later when Anderson formulated the band-edge offset problem for semiconductor/semi- conductor junctions, there was no consideration given to interface states as contributions to the electrostatic boundary conditions.  The charge distribution at the interface was treated simply as a superposition of the bulk-terminated junction.  While these theories have certainly been insightful, they consistently misrepresent the barrier height or band-edge offsets because real interfaces, apparently from interfacial structure variations, modify the intrinsic band lineup. Thus, the interface itself should be considered as a fundamental part of the physical and electrical structure of the junction.  Beyond this however, there is no direction as to how to predict or really even how to expect this interface region to evolve.  

In what follows we will use the structure specifics of heteroepitaxy for dielectric systems based on crystalline oxides on semiconductors to show that elementary Gibbsian concepts of interface phase thermodynamics provide us with this guidance.  Moreover, it is more than guidance that we get from these concepts; thermodynamic constraint is indeed the term that ties energy minimization to layer sequencing at a junction boundary.  A three component Si-O-Alkaline Earth Metal phase diagram (Figure 1A) will be used to demonstrate these concepts and to provide the underpinning specifics for this notion.  A thermodynamic/electrodynamic view develops thus clarifying the junction interface as a “Coulomb Buffer” (Figure 1) that is the unifying element of the barrier height problem; the essential physics of this Coulomb Buffer resides in its systematic influence on valence band offset at the junction.

The distinct structural arrangement of Sr and Si in this interface phase is not intuitive. However, what is obvious from examining the physical and electronic characteristics of the interface structure (Figure 1), is that it supports the symmetry and coordination of bulk (001)BaSrO plane, thus minimizing its electrostatic energy.  

Moreover, it facilitates the heteroepitaxy to homoepitaxy transition for growth of subsequent oxide overlayers in the flat fcc structure as observed by both RHEED and XPS in the growth sequence. The Si-O bonds between the silicon atoms in the interface phase and the oxygen in the BaSrO overlayer ensure the heteroepitaxial structure of the oxide overlayer with minimal interfacial strain.
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Figure 1 Thermodynamics and Electrodynamics of the Coulomb Buffer. A) Three component phase equilibria with stable tie lines between the bulk terminations and the interface phase, ASi2; A is an alkaline earth metal. B) The image illustrates three layers of the alkaline earth oxide on the (001) face of silicon observed in cross-section at the [110] zone axis(blue=alkaline earth metal; yellow=oxygen; green=silicon)..  A distinct interface phase can be identified as a monolayer structure between the oxide and the silicon in which charge density in interface states is strongly localized around the silicon atoms in the interface phase.  The dipole in the ionic A-O bond between the alkaline earth metal in the silicide and the oxygen in the oxide buffers the junction against the electrostatic polarization of the interface states localized on silicon. 
  The Sr ion in the SrSi2 interface phase is atop a surface “valley” site of the underlying bulk terminated silicon and acts as an electrostatic (Coulomb) buffer of the crystal potentials on either side of the interface in the junction. Charge transfer and chemical bonding for an interfacial silicide phase between the silicon and the alkaline earth oxide fix the boundary conditions and the junction electrostatics.  These electrical boundary conditions are tied to the physical structure of the interface phase and although silicide variants are aliovalent in Group IIA, electronegativity variations moving down the group from Be to Ba dramatically influence the electrodynamics of the junction. 

When the structure of interface phase is examined in detail we see that the silicon ion in the silicide moves upwards toward the oxygen in the first oxide layer, relaxes to the equilibrium Si-O distance of 1.75 Å and remains at this position to within better than 1% for all of the silicide variants. The alkaline earth ions however, systematically shift away from the oxygen ion as we move from Be down the group to Ba.  From the chemist’s view, the alkaline earth ions move away from the oxygen as they might be expected to as they become more electropositive. The consequence of this displacive process can be understood (see Figure 1B) as a buffering of the oxide electrostatic potential from the charge localized on the silicon atoms in the interface phase.  This buffer is thus proportional to the dipole strength, or bond length, of the A-O bond.   As the dipole strength increases, the valence band offset is increasingly distinct from the bulk termination Shottky limit term, (Ev.  With both

the silicide variant and dielectric response of the oxide (Figure 4-C) we find a measure of the Coulomb Buffer in the slope of VBoffsett plotted against the alkaline earth metal-oxygen ion spacing.  Identifying this Coulomb Buffer with the A-O dipole leads us to a determination that this slope is simply the dipole charge over the dielectric constant of the interface phase.  The experimental value of the slope (Figure 4-B,C) is 0.43 eV/Å.   Equating this value to Q/( and taking Q as the unit cell charge density, n, times the specific charge q, we deduce a value of +2 for q given that n is the number of alkaline earth ions/unit cell in the interface phase (1/4ML).  
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Figure 4 theoretical/experimental comparison for both the dielectric effect and silicide variants in the interface phase.
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Figure 1: Error comparision between Scr-KKR and LSMS
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