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Course content

Plan of a course

Структура курса
Part I. Foundations of semiconductor electronics (autumn)

Fundamentals of the electronic theory of semiconductor:

1. Band structure and statistics of charge carriers in semiconductors (1 lecture): Band structure of semiconductors, electrons
and holes. Effective mass and its origin. Direct-gap and indirect-gap semiconductors - examples of silicon, germanium and gallium
arsenide. Carrier statistics and calculation of the Fermi level. Doped semiconductors, estimate of donor level energy. Carrier
concentration in doped semiconductor vs temperature. Heavily doped semiconductors.

2. Low-dimensional systems (1 lecture): The concept of heterostructure. Dimensional quantization and quantum wells. Two-
dimensional semiconductors based on mono- and bi-layers: graphene, bilayer graphene, transition metal chalcogenides. Band
structure of basic two-dimensional materials. Application of the tight binding method for calculations of the band structure.

3. Kinetic theory of transport in semiconductors: general concepts (2 lectures): Boltzmann kinetic equation for the single-
particle distribution function. Collisions of carriers with impurities, phonons, and with each other. Quantum mechanical calculation of
the scattering probability. The collision integral in the kinetic equation for various scattering mechanisms.

4. Electrical conductivity of semiconductors (1 lecture): Transport relaxation time and its microscopic calculation for scattering
by impurities and phonons. Calculation of conductivity in uniform fields and its dependence on temperature for semiconductors and
metals. Electrical conductivity of graphene. Diffusion of charge carriers and electrochemical potential. Relation between mobility and
diffusion coefficient.

5. Thermo- and galvano-magnetic phenomena (1 lecture): Kinetic equation in the presence of a temperature gradient.
Calculation of electronic thermal conductivity and Seebeck coefficient (example of electrons in graphene). Operating principle of a
thermoelectric generator and a Peltier element. Kinetic equation in a magnetic field. Hall effect and calculation of Hall resistance.
Features of the Hall effect in a two-dimensional system. A method for measuring the carrier mobility using the Hall effect.

6. (*) "Advanced" methods for solving the kinetic equation (1 lecture): Variational principle for the distribution function.
Calculation of the graphene conductivity limited by electron-hole scattering using the variational principle. Hydrodynamic approach to
kinetic equation. Analysis of electrical and thermal conductivity near the neutrality point in graphene.

7. Recombination of charge carriers in semiconductors (1 lecture): Origins of nonequilibrium electrons and holes:
photoexcitation and electrical injection of carriers. The concept of quasi-Fermi levels. Microscopic mechanisms of recombination of
electrons and holes: radiative recombination, Auger process, recombination with phonon emission. Calculation of the rate and
characteristic time of radiative recombination.

Basic semiconductor devices.

8. Contact phenomena in semiconductors (1 lecture): P-n-junction and its band diagram. Calculation of the field distribution in
the p-n-junction (Poisson's equation). Depletion layer width. Metal-semiconductor contact (Schottky contact), calculation of its band
diagram. Features of screening in two-dimensional systems, features of two-dimensional p-n-junctions and Schottky contacts, methods
of their calculation.

9. Current-voltage characteristic of the p-n junction (1 lecture): Macroscopic equations of drift and diffusion for electrons and
holes, their simplification for the doped and depleted regions. Shockley theory for the recombination-limited current. Behavior of p-n
junction under reverse bias. Applicability limits of the drift-diffusion theory for ultrashort p-n-junctions. Application of p-n-junctions for
rectification (detection) of radiation.

10. Current-voltage characteristic of "metal-semiconductor" structure (1 lecture): Drift-diffusion theory for the transport of
majority carriers. Microscopic boundary conditions at the contact with the metal (surface recombination). Current limitation by carrier
injection and diffusion in a semiconductor. Applications of Schottky contacts.

11. Metal-oxide semiconductor field-effect transistors (MOSFETs) (2 lectures): Electrostatics of MOS - structures, dependence
of the carrier concentration on the gate voltage. Inversion layer. The principle of field-effect transistor operation. Drift-diffusion model
of carrier transport in a field-effect transistor. Nonlinear section of current-voltage characteristic and current saturation mechanisms:
velocity saturation and channel cutoff. Characteristics of a graphene-based field effect transistor.

12. Miniaturization of MOS transistors and scaling laws (1 lecture): The cutoff frequency of the field-effect transistors as a
logic switch mode and as a signal amplifier. External and internal factors affecting the cutoff frequency. Dependence of the cutoff
frequency on the channel length for drift-diffusion and ballistic transport modes. Scaling laws for frequency and power dissipation. The
problem of threshold voltage reduction. Effects of doping density fluctuations and structural parameters in nanoscale field-effect
transistors.
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