Ab initio modeling of electron-phonon coupling and disorder in high-k dielectrics
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(∞-1-(0-1 and thus, expected to be significant in materials with high dielectric constant (high-k), where the low frequency response, (0, is dominated by the infrared active phonons. Understanding of the impact of such interaction is of paramount technological importance for the integration of these materials as gate electrodes in complimentary metal-oxide-semiconductor (CMOS) technology. Towards this goal we apply density functional Born-Oppenheimer molecular dynamics simulations to evaluate time evolution of atomic coordinates and velocities as well as electron single-particle eigenvalues of perfect monoclinic HfO2 and that with oxygen vacancy. Calculations reveal a few unexpected results:

1. Root-mean-square fluctuations (RMSF) of the eigenvalues at the crystal band edges are at least factor of two larger then RMSF of middle band states (the latter fluctuate on thermal scale as expected). 

2. Power spectral density of the band edge states contain two narrow peaks indicating electron/hole coupling to only two lattice phonons at ~120 and 250 cm-1. Furthermore, the strongest coupled phonon at 120 cm-1 is Raman rather then IR active. This finding is in sharp contrast with most phenomenological theories associating e-p coupling with IR phonons and in particular with the LO Г-point phonon (~780 cm-1 in HfO2).

3. The RMSF of the gap localized defect level associated with oxygen vacancy is typically one order of magnitude larger then thermal fluctuations. The power spectral density of the time evolution of this state also shows strong coupling to the above phonons and weaker coupling to few local vibration (defect) modes.

4. The neutral oxygen vacancy state also induces substantial conduction band tail indicating the possibility of dynamical trapping of one or two extra electrons to the vacancy which would result in formation of V2- oxygen vacancy state. The amphoteric character of oxygen vacancy predicted here is consistent with electrical measurements in thin hafnia films.
5. Molecular dynamics simulations of the electron polaron in the same system show the same trend – polaron couples primarily to the phonon at 120 cm-1.
In view of the reported findings we discuss the particularities of e-p interaction in the high-k materials and its implications in the self-trapping of polarons and excitons.
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