Math and Statistics
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State density in k-space: (L/2m)¢ per branch; include degeneracy
separately. Shell measures: 2dk, 2wk dk, 4wk? dk in 1D, 2D, 3D.
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Einstein and Debye
FEinstein: independent oscillators at one wo; Debye: elastic con-
tinuum, acoustic w = vsk with cutoff for 3N modes.
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Limits: Cp ~ 3Nkp at high T; Cp, &< T® near 0.
Harmonic Approximation
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Solid State Formula Sheet: Foundations, Bands, Carriers

Drude Transport
Classical free carriers with relaxation time 7; ignores Pauli filling
and bands.

mv =—-mv/T —e(E+ v x B)

ner m
j=—-env=0cE, o= =ney, pPzz 5
ne3r
B 1
pay = —pyz = — = —RuB, Rg =——.
ne ne

Sommerfeld Electrons
Quantum free-electron gas; thermodynamics comes from a kgT
shell near Er.
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kr = (302 N/V)Y/3, = h%]ilF, Tr =er/kp.

T = 0: filled up to er; for metals at room T <K Tr, p >~ cp.
3/2 /o7 T

Vim . CemB3Nkp—ocT.
7T2h3 F

Electronic heat: U J[Eg(E)f(E)dE, C. =
Parabolic DOS: gi1p « 6_1/2, g2p = const., gsp X \/E
Bands, DOS, Effective Mass

gsp(e) =

dU, /dT.
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per branch, before spln/valley degeneracy. For phonons use
E = hw: g(w) = hg(E). Van Hove singularities occur where
vg = 0.

LCAO and Tight Binding

Localized orbitals; weak hopping broadens atomic levels into
bands. For two identical orbitals,
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For t > 0, ¢4 bonding, ¢»_ antibonding. A 1D chain:

E(k) = Eo — 2t cos(ka), Ey-2t<E<Ey+2t
2 h?

One band from N atoms holds 2N electrons incl.  spin.
More atoms/cell give more branches; phonons split into acous-
tic/optical branches.

Bloch and Nearly Free Electrons

Weak periodic potential; gaps open where free-electron states dif-
fer by G.
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Periodic potentials couple states differing by G. Bloch:

Ui (r) = ug (r)eik'r, ug (r + R) = ug (r).

E“(k) is periodic under k — k + G.



Crystal Structure

R = nja; + noaz + nsas,

Crystal = Bravais lattice + basis; atom positions R + r;.
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Reciprocal Lattice
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Diffraction
Ak = G, A= thkl sinG
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Solid State Formula Sheet: Crystals, Doping, Devices

Insulators and Bands

Filled/empty bands carry no current. Odd electrons,/unit cell im-
ply a metal; even electrons may insulate if bands do not overlap.
Electrons and Holes

Hole = missing electron near a valence-band maximum.

En=-FE, pr = —Fk, qn = e, fh=1-f
1
In(Bn) = CmrEm o 11 (Bre = —Er).

Near a valence-band top, holes have positive m* and charge +e.
Parabolic Semiconductor Bands
Eg = Ec — Ey.
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Intrinsic Carriers
Boltzmann tails when Er is far from band edges:

ne= [~ aBIEE  w= [ aE)nE) B,
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nenn = No Ny e Be/(kBT) = nZ, ni = VNcNy e Fe/(2ksT)

Intrinsic: ne = np = n;.

E E
Ep = % - %kBTln(me/mh).
FE'r shifts toward the band with smaller effective DOS.
Conductivity

Electron and hole currents add:
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Two-carrier Hall coefficient:
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Dopants
Group-V donors, group-11I acceptors. Donor/acceptor levels:

gp(F) = Npd(E — Ep), ga(E) = NAS(E — Ea)
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mo = Np 50 1

1
e~ (BaA—Ep)/(kpT) 4+ 1

na = Na
Charge balance:

Ne —Np +nNp —na=Np — Na.
Fully ionized shallow dopants: np =na = 0:
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Ne — & = ND — NA.
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Extrinsic Limits
If |ND 7NA| > n; and Np > Na:
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If Na > Np:
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Decreasing T': intrinsic, extrinsic, freeze-out, zero-T. Intrinsic
if [INp — Na| < n;; extrinsic if |[Np — Na| > n;. Freeze-out:
kT <« Ec — Ep for donors.

Hydrogenic Dopants

Er = Ev+kBTh’1|:

PN Junctions and Diodes
At equilibrium EFr is constant; band bending creates a depletion

region.
eV
I = IO |:eXp<kBiT> — ].:| .

Forward bias: positive terminal to p side; reverse bias gives sat-
uration current.

Optical Gaps

Direct gaps conserve crystal momentum; indirect gaps need
phonons.



