
Fig. Schottky contact between metal and n-type semiconductor. (a) the charge redistribution in
the bulk of n-type semiconductor (blue represents negative charge and red positive); (b) band
bending in semiconductor; (c) potential energy of electron in Schottky potential for σ < 0. ΦB
shows the Schottky barrier height (SBH). σ is the surface charge on the metal surface, and ρ(z) is
the charge distribution in the semiconductor bulk creating the excess electrostatic potential V(z).
Migration of mobile electrons in n-type semiconductor into the metal surface creates the
depletion layer near the semiconductor surface. Due to band bending thermally activated holes
create the inversion layer.

We develop a first-principles method for calculating Schottky barrier parameters. The Poisson
equation is solved self-consistently with the electrostatic charge density over the entire barrier
using the density functional theory (DFT) electronic structure converged locally, allowing
computation of a Schottky barrier entirely from DFT involving thousands of atomic layers in
the semiconductor. The induced charge in the bulk consists of conduction and valence band
charges from doping and band bending, as well as charge from the evanescent states in the
gap of the semiconductor. The Schottky barrier height is determined when the induced charge
density and the induced electrostatic potential reach self-consistency. The Schottky barrier
height, width, along with depletion and inversion layers obtained self-consistently as functions
of temperature and bulk doping.
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Depletion layer width (DLW) for p-(n-) type doped SC as
a region where the majority carrier concentration ρp (ρn)
is reduced by e value from the value at the surface

depletion
Schottky contacts are: 
• the interface between a metal and a semiconductor
• the interface between two different semiconductors
There is the charge transfer on such contact in order to bring Fermi 
levels into alignment

Previous models include:
- empirical models based on experimental parameters 
- full-DFT calculations for large system, however, this approach has limitations

- actual Schottky barrier length is ~1000s of layers of semiconductor
- doping is limited by supercell size (~1022 cm-3)
- impossible to observe the inversion layer 

Our first-principles method:
- no limitation on doping concentration
- any size of the system
- self-consistent calculation of depletion and inversion layers
- this is first time developed method which can calculate 

inversion layer from first-principles
Inversion layer width (ILW) for p-(n-) type doped SC as a
region where the thermally activated minority n-(p-)
type carrier concentration ρp (ρn) is reduced by e value
from the value at the surface
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Our model is self-consistent connection of DFT calculations for the interface region and DFT
calculations for each layer of the bulk under the influence of electric field due to Schottky potential
(V(z)) with the Poisson equation for the excess electrostatic potential due to charge redistribution
on Schottky contact for the entire system.
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V(z)[ρ(z)] ↔ρ(z)[V(z)]The result of SCF is self-consistently connected V and ρ:
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Electric field acts on each layer as 
a gradient of Schottky potential

Charge density of the entire semiinfinite system consists of density of electrons, 
holes and metal induced gap states (MIGS)

electrons

holes

MIGS

The detailed description of the method is available on https://arxiv.org/abs/2001.00710
The developed software is available with free license on https://github.com/Dmitry-Skachkov/SB
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Poisson equation

here ρ is charge density 
and P is polarization of 
the semiconductor 

DSC is DOS of the semiconductor bulk, f(E) is Fermi-Dirac function, 
Di

L and Di
H are the DOS for light and heavy holes for the interface, 

κz
L and κz

H are light and heavy holes decaying rates for 
complex band structure (CBS) of the semiconductor surface

Self-consistent procedure consists of calculation of charge density for the entire system 
using Schottky potential V(z), and the following calculation of electrostatic potential 
from the charge density ρ for the entire system, until we reach convergence between ρ and V.
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