Tuesday, 1/21/25

Review of Solid State Physics, Continued
1. Background
Let “n” be the density of conduction (or free) electrons.
[n] =¢/cm’
For intrinsic Si: nj=n
Remember from last time that n; is the intrinsic carrier density and
n? = BT3  “/kt.

For single crystal (monocrystalline) Si: there are 4 covalently bonded Si atoms:
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When energy, E, is applied such that E > Eg, this results in the creation of an
electron-hole pair:

— electrons can move anywhere
— holes can only move about the crystal lattice
Electrons (-q) and holes (q) are charge carriers where q = 1.62x10™° C.

Define “p” as the “hole density.” [p] = holes/cm?

For intrinsic Si: nj =n =p.

Also, nf = pn — whenever there is thermal equilibrium without external stimulus
(voltage, current, light, etc.).
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p” is the electrical resistivity.

p= i where o is the electrical conductivity

2. Drift Currents

Charged particles move (or drift) in response to an applied electric field. This
results in a drift current, j, where:

i=Qv, [j1=A/km’
Q is charge density, [Q] = C/cm’

v is charge velocity in the electric field, and is also called “carrier drift
velocity.”

[V] = cm/s

Positive charges move in the direction of the electric field, and negative charges
flow in the opposite direction of the electric field.

For low electric fields (of interest to this class): v is proportional to E, leading to:
¥y = —pnE
U, = upE
Where v, is the velocity vector for electrons
Uy, is the velocity vector for holes
U, is the electron mobility: 1350 cm?/V for intrinsic Si
14y is the hole mobility, 500 cm*/V for intrinsic Si

Notice that u,, > . This is because electrons can move freely though the crystal
while holes can only move about the crystal through the covalent bond structure.

Let’s define electron and hole drift current densities: j,‘li "t and j;,l rif L respectively.

.r(lirift’ jdrift] — Alert?



Let’s consider simplified 1-D vectorless equations for j,‘frif " and jg rife,

j;lirift = Qnvp = (_qn)(_ﬂnE) = qnuuE

jg It = v, = (qp) (4pE) = qpiyE

Then we can define the total drift current density: jgrif 2

j;m-ft zjrcllrift +j§rift _ q(nﬂn + p,up)E = oE

9,

o”’: is the electrical conductivity, where:
o = q(npn + Pip)
[0] = (C-cm)’!
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p” is electrical resistivity: p = p

E 14 Vv ,
Note: p = —77 Q-cm=A/ﬂ—>Q=Z—)Ohmslaw...
Jr

cm?

3. Doping
Doping is the process of adding impurities to the intrinsic semiconductor material.

Donor impurities: elements with one extra electron in their outer shell compared to
the intrinsic semiconductor material. They will donate electrons.

Acceptor impurities: elements with one less electron in their outer shell compared
to the intrinsic semiconductor material. They will donate holes.

Silicon is a Column IV element: it has 4 valence electrons in its outer shell.

Consider the periodic table below:
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Observe that while Si is a class IV material, class V materials (such as P, As, and
Sb) have 5 electrons in their outer shell, and are therefore Donor Materials.

Likewise, class III materials (such as B and Al) have 3 electrons in their outer
shell, and are therefore Acceptor Materials.

After an intrinsic semiconductor material has had a donor impurity added to it, it
then requires very little thermal energy for a donor atom to give up its “extra”
electron for conduction.

This, however, results in a fixed +q charge which stays fixed in the crystal
lattice.



Similarly, after an intrinsic semiconductor material has had an acceptor impurity
added to it, it is very easy for a nearby electron to move into this vacancy, creating
a hole (i.e. vacancy) where the electron moved from in the covalent bond structure.
The hole then can move through the crystal lattice: when an electron moves out
and a hole moves to that atom, it has a +q charge. Each acceptor atom that accepts
an electron has a —q immobile charge in the crystal lattice at that location.

This is illustrated pictorially below:
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Due to doping impurities: if n > p: the material is called “n-type.”

If p > n: the material is called “p-type.”
The carrier with the larger population is called the “majority carrier.”
The carrier with the smaller population is called the “minority carrier.”
Define “Np” as the donor impurity concentration: [Np] = atoms/cm?.

Define “Na” as the acceptor impurity concentration: [Na] = atoms/cm?.

Note: after doping, the semiconductor material is still charge neutral.

Therefore: q(N, +p — Ny, —n) = 0.

Also: pn = n? still.

Electrical conductivity for a doped semiconductor:
For an n-type material: ¢ = qu,n = qu,,(N, — Ny).
For an p-type material: o = qu,p = qu,(Ny — Np).

Observe that increasing the dopant also increases the electrical conductivity.

4. Non-uniform Doping

When the doping is non-uniform, a gradient in the electron and hole concentration
results.

This causes diffusion currents in the semiconductor.
Define: Dy as the electron diffusivity: [Dn] = cm?/s.
D, as the hole diffusivity: [Dp] = cm?/s.

Now consider Einstein’s relationship:

D, KT _ Dy

Un q Up

You should recognize % as the thermal voltage, which is approximately 25 mV at

room temperature.



Define j,f YT and jg YT as the n and p diffusion current densities:
dlff—( q)D,, ( ) +ana’ [,‘flff] Al/em?

o = (+)Dy (- Z) = —qDp 2. [j377] = Atem?

5. Total Current

The total current in the semiconductor material is equal to the sum of the drift
current and the diffusion current:

1 an)

T on
5= Qi + gDy 5= = qun (E +Vp o2

dp 10p
Jo = quppE — qD,— o~ IHP (E + Vr — > 6x)

6. Energy Band Model (for a semiconductor)
Define these terms:
“E.” = Conduction Band: the lowest energy level in the conduction band.
“E,” = Valence Band: the highest energy level in the valence band.
“Eg” = Bandgap Energy: Eg = E. - E,

The creation of an electron-hole pair can be represented pictorially:
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In the drawing above, an electron-hole pair is created when an electron moves
from the valance band to the conduction band. For example, due to thermal
energy. The electron cannot have an energy level between Ec and E..



a. For n-type Semiconductor

Let Ep be the donor energy level (near the conduction band edge).
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Eb 1s so close the Ec that almost all electrons at Ep have moved to the CB and are
available for conduction.

b. For a p-type Semiconductor

Let E. be the acceptor energy level, which is near the valence band edge.
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E. is so close to E, that almost all acceptor sites are filled, leaving holes in the
valence band for conduction.



c. Compensated semiconductors
Compensated semiconductors have both donor and acceptor impurities.
Electrons seek the lowest energy state, and fill all available acceptor sites.

The remaining free electron population is n: n = Np — Na.
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