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Chapter VI : Low Non-Equilibrium Perturbations (Charge
Transport)

VI.1. Introduction - Overview of charge transport mechanisms

In an intrinsic semiconductor where n = p = nj, and in the absence of external
excitation, the system remains in thermodynamic equilibrium. At absolute zero (0 K),
all electrons occupy the valence band (VB), rendering the semiconductor a perfect
insulator. However, at higher temperatures, thermal energy is transferred to the
crystal, allowing some electrons to gain enough energy to transition from the valence
band to the conduction band (CB), provided the absorbed energy exceeds the bandgap
energy Eg.

Once in the conduction band, electrons possess an average thermal energy that
corresponds to a thermal velocity V. While not all electrons move at the same velocity
due to the Pauli exclusion principle, the kinetic theory of gases enables estimation of
their average kinetic energy:
Exin = lm*Vﬁl = EKT
2 2

At 300K, this yields a thermal velocity of approximately 10° ms. The average distance

an electron travels between two collisions is called the mean free path A:
}\ = VthT

where 1is the mean free time between collisions. Atroom temperature, this path length

is around 100A° =10 nm.
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V1.2. Carrier mobility and drift velocity

When an electric field &(V/m) is applied to a semiconductor, charge carriers

experience two forces:

« An electrostatic force: F = +q¢ (+ for electrons and - for holes);

e A frictional force from collisions: —f W

This results in the following acceleration: (Force = mass % acceleration):

. dVd q - f = q - Vd
14 dt _m*g m* @ _m*g T

Where:
e m* is the mass of the carrier;
e V, isits drift velocity (or simply drift);

e Trepresents viscous-like friction.

Under steady-state conditions (i.e., when acceleration is zero: ¥ = 0):

V=2 I0F = 4uf
a= T = § = *us
Thus:
e Electron drift velocity:
- qt -

Vin = _m_f = —Upé

e Hole drift velocity:

7 qT - >
dp — mp f - :upf
Carrier mobilities are defined as:
_ 4ar _ 4ar 217-1.—1
Hn =t My =1 (cm*V=2s77)
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The following table gives the mobility values of electrons and holes for several

semiconductors.

Table VI.1 Mobility of electrons, holes, band gap energy, and permittivity for some

semiconductors
sC Ec ey Mg & SC Es [ o | Kp &y
=1 1.12 1400 500 11.9 InAs 0.36 33000 460 14.6
Ge 0.7 3900 1900 16 InSh 0.18 THO00 750 17.7
GaAs 1.42 8500 400 13 GaSh 0.72 5000 350 15.7
InP 1.35 a000 150 12.4 Cds 2.42 340 a0 5.4
AlAs 2.16 1200 400 10.1 CdTe 1.56 1050 100 10.2
GaP 2.26 300 100 11 5102 9 isolant 3.9

V1.3. Electrical conductivity
The conduction current densities (A/m?) are:

e For electrons: J§ = —qnV, = qnu,&é = o,€
With : I—/,)1 = —,ung?;

e For holes:]_;g = qpl_/;, = qp,upg = apg
With: 1, = u,,&
0n = qnu, (Qm)~1 and o0, = qnu, (Qm)~* or (S/m)

Total conduction current densities is:

- ->

]% =Jx +jp = (Jn + O-p)g = O-Tg

e . 1 1
Re51st1V1ty. p = ; = W
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» Special cases:

- -

o Intrinsic semiconductors: no = po = ni: J; = qn;(u, + pp)¢

. e 1 1
- Intrinsic resistivity : p; = — = —————
On ani(Un+up)

With :

n; = /N.N,e2KT

Notes:

e For N-type semiconductors: (n=Np), p«n:o = g, + 0, = qNpu,, and f% = f,"{

e For P-type semiconductors: (p=Na), n«p:0 = g, + g, = qNau,, and Jé = ]2‘,;w

VI.3. Carrier diffusion
A semiconductor contains two types of mobile charge carriers: electrons and holes.

These carriers can move due to two main effects:

e An electric field, producing a drift (conduction) current.

» A concentration gradient, leading to a diffusion current.

Diffusion occurs whenever there is a concentration gradient of carriers in the crystal.
These gradient causes carriers to move from high-concentration regions to low-
concentration regions, a net movement that works to make the concentration uniform

throughout the material.
The carrier fluxes, Fi and Fp (m3s7), are given by Fick's law:

e For an N-type semiconductor:

S n
E, = _D"_x = —D,grad(n)
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o For a P-type semiconductor:
dn
E, = =D, Ix = —D,grad(p)

Where D, and D, (m?s!) are the diffusion coefficients for electrons and holes,

respectively.

The negative sign indicates that the flux direction is opposite to the concentration

gradient.
.
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Figures VI.1. The electron concentration gradient causes these electrons to diffuse toward

the region with lower concentration.

The diffusion current densities are:
e For electrons: fn = —qﬁn = qD,grad(n)
e For holes: ];, = qﬁp = —qD,grad(p)
» Carrier conduction and diffusion:

For a semiconductor with a non-uniform concentration and to which an electric
field, E, is applied, we can write the electron current density by accounting for both

diffusion and electrical conduction.

e The electron current density is therefore:

- ->D ->C - dn
Jn=Jn + )5 = qnuyé + ana
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e Similarly, the hole current density is:

-

—_— > dp
]p =]p +]p = qp:upf - qu

dx

Consequently, the total current density is given by:
f T = j n + j p
The diffusion coefficients are related to mobility by Einstein’s relation:

D, _Dp KT

Un Up a

The term : Uy = % is the thermal voltage, typically 26mV at 300K.

V1.4. Displacement current in time-varying fields:

In time-varying (AC) conditions, a displacement current arises and is given by:

. _dD
]d_at

Where D is the electric displacement vector:
D= e =eoerd

If the electric field varies sinusoidally, g? = 50 e/"t, then :

- >

Ja = jweg
Note: The displacement current will only have a significant amplitude at frequencies

on the order of GHz. It is generally considered negligible, except at high frequencies

(HF) during the analysis of time-varying conditions.
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VIL.5. Charge transport in electric and magnetic fields - Hall effect and

magnetoresistance:

When a semiconductor is subjected to both an electric field and a magnetic field, the
motion of charge carriers is influenced by the Lorentz force, which alters the direction
of current flow. This gives rise to two significant phenomena: The Hall effect and

magnetoresistance.

In the Hall effect, when a magnetic field B is applied perpendicular to the direction of
current I in a semiconductor, it exerts a force on the moving charge carriers (electrons
or holes), causing them to accumulate on one side of the material. This separation of
charges generates a transverse electric field called the Hall field, ﬁH, which creates a
measurable voltage across the width of the material —known as the Hall voltage V.
The sign and magnitude of Vi depend on the type and concentration of charge carriers

and the strength of the magnetic field. The Hall voltage is expressed as:

_IB

Vy = —
H qnd

Where:

e [is the current;

e B is the magnetic field strength;
e (q is the charge of the carrier;

e n is the carrier concentration;

e d is the thickness of the semiconductor.

This effect allows for the determination of the type of semiconductor (n-type or p-
type), carrier concentration, and mobility, making it a valuable diagnostic tool in

semiconductor physics.
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Magnetoresistance, on the other hand, refers to the change in electrical resistance of a
material when exposed to a magnetic field. The Lorentz force causes charge carriers to
follow curved paths, increasing the likelihood of collisions and effectively increasing
the resistance. This resistance change depends on the magnetic field strength and the
mobility of the carriers. For low magnetic fields, the change in resistance AR is

approximately proportional to the square of the magnetic field:

AR B2

—

R, < (1B)

Where pu is the mobility and B is the magnetic flux density. While magnetoresistance
is generally weak in non-magnetic semiconductors, it becomes significant in materials
with high mobility or in devices designed to exploit this effect, such as magnetic

sensors and memory elements.

In conclusion, the combined action of electric and magnetic fields on charge transport
reveals essential characteristics of semiconductor materials and enables the
development of Hall sensors and magnetoresistive devices widely used in electronics

and sensing applications.
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Figures VI.2. Schematic representation of the Hall effect



