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Fermi Level Definition of Fermi Energy The energy of the highest occupied level at absolute zero temperature is called Fermi energy or Fermi level. At this level, the probability of electron occupation is 1/2 at any temperature above 0 K. Equation for Fermi Level: 



3N EF = π



2/3 



" EF = EF 0



h2 8m







π2 1− 12







; at T = 0 K for metals kT EF 0



2 # ; at T > 0 K



Definition of Fermi Dirac Distribution Function Fermi Dirac distribution function is the probability of an electron occupying an energy level ’E’. This gives the distribution of electrons among various energy levels. The Fermi Dirac function is f (E) =



1 N (E) = F) M (E) 1 + exp (E−E kT



where, M (E) is the allowed states in an energy range between E and E + dE, N (E) is the number of particles in the range between E and E + dE. f (E) = 0; energy level empty f (E) = 1; energy level occupied f (E) varies from value 0 to 1.



Figure 1: (a) T = 0 K, and (b) T > 0 K Fermi Dirac Distribution Function at various temperatures 1. At T = 0 K; E < EF . All levels below EF are occupied. f (E) = Prepared by: Dr.K.Saravana Kumar,
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2. At T = 0 K; E > EF . All levels above EF are empty. f (E) =



1 1 =0 = ∞ 1+e 1+∞



Above Fermi level, at T = 0 K, all states are completely empty and below Fermi level states are completely filled. 3. At T ≥ 0 K; E = EF . 1 1 1 = f (E) = = 0 1+e 1+1 2 In metal, f (E) = 1/2, for a electron at any temperature. At T > 0 K, some levels above Fermi level are partially filled and some levels below Fermi level are partially empty.



Variation of Fermi level of Intrinsic semiconductors with temperature Intrinsic semiconductor requires a thermal excitation or application of voltage/electric field for conduction to take place. In a pure intrinsic semiconductor like Si or Ge, an electron is excited from top of valence band to bottom of conduction band. These created hole-electron pairs are responsible for conduction. The Fermi-Dirac distribution of these electrons for conduction are: f (E) =



1 1 + exp



E−EF kT







The Fermi level of EF for an intrinsic semiconductor lies midway in the forbidden gap such that, Eg E − EF = 2 Then,   −Eg f (E) = exp 2kT Number of electrons promoted across the gap is given by,   −Eg n = N exp 2kT where, N is the number of electrons available for excitation from top of the valence band. For intrinsic semiconductor, number of holes in the valence band is equal to the number of electrons in the conduction band. ne = nh When energy is provided, these electrons and holes move with mobility µe and µh , respectively in opposite directions. The energy can be provided by external field or thermal excitation. Now total conductivity of intrinsic semiconductor is given by, σi = ne eµe + nh eµh Prepared by: Dr.K.Saravana Kumar,
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Figure 2: Fermi level of intrinsic semiconductor



Figure 3: Fermi level of intrinsic semiconductor. (a) EF at T = 0 K, and (b) EF at T > 0 K e is the electronic charge, ne is the concentration of electrons per unit volume, nh is the concentration of holes per unit volume. Then, Z ∞ ne = Z(E)F (E)dE, concentration of electrons in conduction band EC



where, Z(E) is the density of states, F (E) is the Fermi Dirac distribution.  ne = 2



2πm∗e kT h2



 32



 exp



EF − EC kT







Also, Z



EV



nh =



Z(E)F (E)dE, concentration of holes in valence band −∞
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where, Z(E) is the density of states, F (E) is the Fermi Dirac distribution.  nh = 2



2πm∗h kT h2



 32



 exp



EV − EF kT







For intrinsic semiconductor, ne = nh   3   3  2πm∗e kT 2 EF − EC EV − EF 2πm∗h kT 2 ⇒2 exp exp =2 h2 kT h2 kT     EF − EC EV − E F ∗ 32 ∗ 23 = mh exp ⇒ me exp kT kT      ∗  32 E F − EC EV − E F mh ⇒ exp − = kT kT m∗e 



Taking log on both sides,    ∗  32 EV + EC 2EF mh − ⇒ = loge kT kT m∗e "    ∗  23 # kT 2EF EV + EC mh ⇒ X = + loge 2 kT kT m∗e  ⇒ EF =



E V + EC 2







kT loge + 2







m∗h m∗e



 32



For, m∗h = m∗e , loge 1 = 0.   EV + EC EF = 2 The position of EF is half-way between EV and EC changes slightly with temperature by rising above.
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Definition of Extrinsic Semiconductor A semiconducting material in which the charge carriers originate from impurity atoms added to the material is called impurity semiconductor or extrinsic semiconductor. The process of deliberate addition of controlled quantities of impurities to a pure semiconductors is called doping. The addition of impurity increases the carrier concentration leading to increase in conductivity of the conductor.



Differentiate p-type and n-type semiconductors 1 2 3 4



n-type semiconductor Pentavalent impurity added to intrinsic semiconductor. Eg. P, As, Sb Electrons are majority charge carriers Energy level of donor atoms are very close to the bottom of conduction band Fermi level of n-type is above intrinsic semiconductor



p-type semiconductor Trivalent impurity added to intrinsic semiconductor. Eg. B, Ga, In Holes are majority charge carriers Energy levels of acceptor atoms are very close to the top of valence band Fermi level of p-type is below intrinsic semiconductor



Variation of Fermi level of n-type semiconductor with temperature Extrinsic, n-type semiconductor, is formed by adding pentavalent impurity to intrinsic semiconductor. These dopant atoms are called donor atoms, as they contribute one electron for conduction towards conduction band. Eg. P, As, Sb. At 0 K, the electronic system is the lowest energy, ground state, such that valence electrons are still in the valence band and donor atoms are unionized. The energy levels of donor atoms are close to the bottom of conduction band. Most of the donor level electrons are excited into the conduction band at room temperature and become majority charge carriers.



Figure 4: T > 0 K
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Figure 6: Variation of Fermi level with temperature - n-type semiconductor The Fermi energy for p-type semiconductor is given by EF =



EF =



EC + Ed , for T = 0 K 2  



EC + Ed kT  Nd  + ln   3/2  , for T > 0 K ∗ 2 2 2 2πmh2e kT



Fermi level is exactly at the middle of conduction band on top of the donor level.    3/2 Nd EC + Ed kT 2πm∗e kT EF = + ln , where Nx = 2 2 2 Nx h2   EC + Ed kT Nx − ln EF = 2 2 Nd As the temperature increases, the Fermi level drops towards intrinsic Fermi level, which is also dependent on concentration of Nd atoms. More and more donor atoms are ionized with temperature and at a point all donor atoms are ionized. After this point, the generation of electron-hole pair due to the breaking of covalent bonds takes place and the material tends to behave in the intrinsic manner.



Variation of Fermi level of p-type semiconductor with temperature Extrinsic, p-type semiconductor, is formed by adding trivalent impurity to intrinsic semiconductor. These atoms are called acceptor atoms, as they contribute one hole for conduction towards Prepared by: Dr.K.Saravana Kumar,
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valence band. Eg. B, Ga, In. At relatively low temperatures, acceptor atoms get ionized taking electrons from valence band, resulting in the creation of holes in valence band for conduction. Due to the ionization of acceptor atoms, only holes and no electrons are created. The energy level of the acceptor atoms are close to the top of the valence band.



Figure 7: T > 0 K



Figure 8: T = 300 K



Figure 9: Variation of Fermi level with temperature - p-type semiconductor The Fermi energy for p-type semiconductor is given by EF =
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 EF =







Na EV + Ea kT   − ln   3/2  , at T > 0 K ∗ 2 2 2πmh kT 2 h2



Fermi level is exactly at the middle of acceptor level on top of the valence band. EV + Ea kT EF = − ln 2 2







Na Ny







 , where Ny = 2



EV + Ea kT + ln EF = 2 2







Ny Na



2πm∗h kT h2



3/2







As the temperature increases, the Fermi level rises towards intrinsic Fermi level, which is also dependent on concentration of Na atoms. More and more acceptor atoms are ionized with temperature and at a point all acceptor atoms are ionized. After this point, the generation of electron-hole pair due to the breaking of covalent bonds takes place and the material tends to behave in the intrinsic manner.
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Dilute Magnetic Semiconductors (DMS) Definition: The semiconductor materials whose lattices are partly made up of substitutional magnetic atoms are called as Dilute or Diluted Magnetic Semiconductors, i.e., semiconductors with dilute concentration of magnetic dopants. Properties of DMS: The well defined magnetic properties of these DMS materials makes them important for mass storage and information storage industry applications. The charge and spin degrees of freedom of the DMS materials are used further for the enhancement of technology. At low temperatures, DMS materials exhibit magnetic properties which normal semiconductors do not possess. DMS have the general form A1−x Mx B, where A, B is either a II-VI or a III-V semiconductor and M a magnetic element.



Figure 10: (A) A magnetic semiconductore, (B) A dilute magnetic semiconductor, and (C) A non-magnetic semiconductor The most important feature of DMS is the carrier mediated magnetism which can be easily controlled with voltage. DMS materials are compatible with semiconductors such that there can be efficient spin injection from sources. In DMS, there is co-existence and interaction of two different electronic subsystems: delocalized conduction (s−type) and valence (p−type) band electrons and localized (d− or f −type) electrons of magnetic ions. The spd exchange interaction results in strong band splitting, which lead to giant magneto optical effects. The Curie transition, TC , temperature of DMS are around 110 K. This has to be brought to room temperature for device applications. Materials for DMS: II VI Zn S Cd Te Cd Se



II-VI ZnS CdTe CdSe



Magnetic Dopants Mn or Fe Mn or Fe Mn or Fe



IV Pb Sn



IV-VI PbSe SnTe



Magnetic Dopants Mn or Fe Mn or Fe
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Magnetic Dopants Mn or Fe Mn or Fe



Applications of DMS: • Single materials exhibiting magnetic, magneto-optical and magneto-electronic properties • Photonics plus spintronics (Spin+electronics = Spintronics) • Improved spin transistor • Transistors spin toward quantum computing • Magnetic spins to store quantum information • Microscope to view magnetism at atomic level • Ballistic magneto resistance • Missile guidance • Fast accurate position and motion sensing of mechanical components in precision engineering and in robotics • In automotive sensors
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Superconductors Definition: The phenomenon of losing resistivity absolutely when cooled to a sufficiently, low temperatures is called super conductivity. The temperature at which the transition of a normal conductor into a superconductor occurs is called as the Transition temperature or critical temperature, TC . The transition temperature, TC of purified mercury is about 4.2 K, below which temperature the resistivity of the material is of the order of 10−5 ohm cm.



Figure 11: Transition temperature of Hg High Temperature Superconductors: The materials which support superconductivity at temperatures above the liquid nitrogen boiling, 77 K, are termed as High temperature superconductors or High TC . Also they include a family of materials containing copper-oxide planes as a common structural feature, leading to the name cuprate superconductors. Notations Chemical Formula 123 Y Ba2 Cu3 O7 Tl-1212 T lBa2 CaCu2 O7 Tl-1223 T lBa2 Ca2 Cu3 O9 Tl-1234 T lBa2 Ca3 Cu4 O11



TC (K) 90 80 105 120



Characteristic of High Temperature Superconductors (HTSC): Superconductors are classified into type-I and type-II superconductors depending on the critical magnetic field values. Above a critical applied magnetic field, the superconducting state disappears. All HTSC are type-II superconductors which have a higher critical field than type-I superconductors. Few features of HTSC are: • High transition temperature • Perovskite crystal structure • Direction dependent properties • Reactive, brittle and cannot be easily formed or joined
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Figure 12: Critical magnetic field as a fucntion of temperature for (a) type-I superconductors, and (b) type-II supercondcutors.



Figure 13: Structure of single unit cell of YBCO. HTSC Material - YBCO: One of the important HTSC materials is Y Ba2 Cu3 O7−δ (YBCO), which has numerous advantages over other ceramic superconductors like: • Only known four element stable compound with TC above 77 K • No toxic or volatile elements • Single phase YBCO made easily • Less anisotropic than other HTSC materials • Carries higher current densities at higher magnetic fields Properties of YBCO: • TC around 90 K Prepared by: Dr.K.Saravana Kumar,
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• Critical magnetic field as high as 300 T • In thin film form, Critical current density is typically JC > 1M A/cm2 • Unit Cell Parameters: a = 3.82 ˚ A, b = 3.89 ˚ A, and c = 11.68 ˚ A • lattice composed of so-called perovskite layers (ACuO3 ) • If δ = 0 orthorhombic structure, else δ = 1 tetragonal structure Applications of Superconductors: • Superconducting Transmission Lines - Lossless transmission of power • Superconducting Motors and Generators - Weight of equipment is reduced and power production increased • Superconducting Magnetic Energy Storage - Current storage in a superconducting ring without loss forever • Computers - Switches using Josephson devices and SQUID • Josephson Devices - High speed switching devices with low power dissipation • SQUID Magnetometer - Detection of very low magnetic field using Josephson junction • Superconductors in NMR Imaging - In MRI imaging of human body • Fault-Current Limiters - Protection of power grids • Magnetically Levitated Trains - Maglev trains that have no wheels and friction
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Liquid Crystal Display (LCD) Definition: Liquid crystals are organic compounds that flow like a liquid while maintaing a long range orderliness of a solid. The molecules of liquid crystal are in the form of long cigar shaped rods. The two preferred orientation of liquid crystal molecules are: 1. Homogenous - with long axis of the molecules perpendicular to the glass plates and electrodes 2. Homeotropic - with long axis of the molecules parallel to the glass plates and electrodes LCD Cell Construction: • A thin layer of LC materials between two glass plates that are fused together • Thickness of LC layer is 10 to 25 µm • Two glass plates have transparent electrodes on their inside faces made of conducting material like indium tin oxide LCD Operation - Twisted Nematic Display: 1. Cell is assembled in such a way that LC molecules undergo 90◦ twist from the top plate to bottom plate 2. Cell is sandwiched between two polarizers with their polarization direction parallel to the LC direction of each plate 3. The cell is in transmission mode when no electric field is given to electrodes of LCD 4. In this case, the incident unpolarized light on the cell is linearly polarized and undergoes a 90◦ rotation as it passes through the LC before exiting the bottom polarizer



Figure 14: Liquid Crystal



Figure 15: Molecular Orientations Prepared by: Dr.K.Saravana Kumar,
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Figure 16: LCD Cell Construction



Figure 17: LCD Operation 5. The cell is in opaque mode when voltage is applied to electrodes of LC 6. In this mode, the LC molecules align to the electric field and the incident light do not undergo rotation in polarization direction due to the liquid crystal. Hence, fully absorbed by exit polarizer. 7. Twisted nematic liquid crystal display is opaque in driven state and transmissive in nondriven state 8. LCD is operated in either transmissive mode or reflection mode 9. In reflector mode, a reflector is placed below the bottom of the polarizer so that the device reflects the incident light and appears bright when no field is applied 10. When field is applied, the light travelling across the cell is not rotated and cannot pass through the second polarizer and the device will appear dark Limitation of twisted nematic display: 1. Viewing angle is restricted to ±45◦ 2. Use of polarizers reduces the maximum amount of light that can be reflected
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Photonic Crystals Definition: Photonic crystals are composed of periodic arrangement of dielectric, metallo-dielectric or semiconductor microstructures/nanostructures that affects the propagation of electromagnetic waves. Properties: • Similar to electron motion in periodic potential of semiconductor crystals • This motion is described in band theory of electron • Forbidden and allowed energy bands for electrons in semiconductors • Photonic crystals consist of alternating high and low dielectric constant regions • Will Photons travel through them? Yes. But dependent on wavelength • Allowed wavelengths are called Modes and, group of Modes form Bands • Disallowed bands are called Photonic Band Gaps • Periodicity of photonic crystal is half the wavelength of EM waves • Fabrication of alternate high and low dielectric constant regions at such low length scale is difficult • When EM waves travel through photonic crystals, the phenomenon of inhibition of spontaneous emission, high-reflecting omni-directional mirrors and low- loss wave-guiding are possible One dimensional photonic crystals: 1. Layers of different dielectric constant may be deposited or adhered together to form a band gap in a single direction 2. These can be either isotropic or anisotropic 3. Anisotropic has potential use as an optical switch Two dimensional photonic crystals: 1. Holes may be drilled in a substrate that is transparent to the wavelength of radiation that the bandgap is designed to block 2. Triangular and square lattices of holes have been successfully employed Three dimensional photonic crystals: 1. The Woodpile structure: Layers are rods etched first parallel using beam lithography, then next layer of parallel rods are deposited perpendicular to the previous later. This is done until required height is reached.
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2. Inverse opals or inverse colloidal crystals: spheres allowed to deposit into a cubic packed lattice suspended in a solvent which is later hardened. The spheres are then dissolved out to get spherical hollow structures. Applications of Photonic crystals: • Controlling and manipulating the flow of light • Thin films, from low to high reflection coatings on lenses and mirrors to color changing paints and inks • 2-D photonic crystals have radically different characteristics compared to conventional optical fiber for applications in nonlinear devices and guiding exotic wavelengths • 3-D photonic crystals in optical transistors used in optical computers
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