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Lecture (8)

The mass action law

In a semiconductor the law of mass action states that the product of the electron

concentration Ng and the hole concentration Pg is always equal to the square of the intrinsic
carrier concentration (at a given temperature), i.e.:

This equation is one of
the fundamental .
principles of H — b
semiconductors in ' U Fﬂ {
thermal equilibrium. |

— | —

This law is valid for extrinsic semiconductors (with impurities) as well as for intrinsic
semiconductors

e |If Ny is the concentration of donor atoms, it is a positive charges per cubic meter are
contributed by the donor ion ,hence the total positive charges density equal
(Ngtpo).similary when Na is the concentration of acceptor ions these contributed (N,) is
negative charges per cubic meter ,the total negative charge density is (Na +n,)

® |n thermal equilibrium, the semiconductor crystal is electrically neutral « The charge
neutrality condition is expressed by equating

ng+ N, = Mo + N4

The intrinsic carrier concentration: n, = p, (same density of free electrons and holes in an
intrinsic semiconductor).

n,=Np a2
The extrinsic n-type semiconductor: " _n? p = ‘:_f << Ny
n ivd
ND
0, = "
The extrinsic p-type semiconductor < P N, n; o
p. =N = — << N,
p A i'\'a

With n, p respectively the electron and hole density ; Npa respectively the donor and
acceptor doping density (concentration).
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p-type material at equilibrium n-type material at equilibrium
pr = NA nc = ND
2 2
n n
n, = —t D, = —t
NA ND
Example
® Calculate the carrier concentration in silicon doped with 10 atoms/cm? of As at
300°K
* ni = 9.65* 10°

eny=Np=10*cm?
* Po = Ni%/Np = (9.65 *10%? / 10'® cm™ = 9.31* 10°

Conduction System in Semiconductor:

We have two types of carriers one carrier is negative (the free electron ) with mobility (un)
and the other is positive ( the holes) with mobility (1), these particles move in opposite.
There are two current mechanisms which cause charges to move in semiconductors. The
two mechanisms we shall study in this chapter are drift and diffusion, and both electrons
and holes conduct current in semiconductor

Carrier Dynamics
]

Carrier Morion

Electron Drift Electron Diffusion

Hole Drift Hole Diffusion

1-Drift Motion (carriers drift by electric field):

To understand drift, assume an electric field is Drift
applied to a semiconductor. The field produces a Electric Field [V/em]
force that acts on free electrons and holes, which  cuseat Deasity 1

then experience a net drift velocity and net 2 0.—> ——,
-+ Hole
movement. «—®  ction
- Electron
Area A Motion

Given current density J (I=] x Area) flowing in a semiconductor
block with face area A under the influence of electric field E. the
component of J due to drift of carriers is:

T pia=a P vy and ;| pia =qnvy
t A

/ \

Hole Drift cwrent density Electron Drift current density
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Consider an n-type semiconductor with a large < n - type Si
number of free electrons. An electric field E

applied in one direction produces a force on the Y
electrons in the opposite direction, because of the H 7
electrons’ negative charge. n—tpe S £==
.
The electrons acquire a drift velocity vdn (in Vio
cm/s) which can be written as Electric field
Electron movement
— + Current flow
E . |rr'| _ ; I' r'l ]-.

i Current carriers are mostly electrons.
where un, is a constant called the electron

mobility and has units of cm*/V.s. For low-doped

silicon, the value of u, is typically 1350 cm?/V.s. The mobility can be thought of as a
parameter indicating how well an electron can move in a semiconductor .The negative sign
in above Equation indicates that the electron drift velocity is opposite to that of the applied
electric field as shown in above Figure The electron drift produces a drift current density
Jn (A/cm?) given by

Jo = —envgy, = —en(—u E) = +enpy E

where n is the electron concentration (#/cm°) and e , in this context, is the magnitude of the
electronic charge. The conventional drift current is in the opposite direction from the flow
of negative charge, which means that the drift current in an n-type semiconductor is in the
same direction as the applied electric field.

Next consider a p-type semiconductor with a large _

number of holes. An electric field E applied inone ~ ** P - type Si

direction produces a force on the holes in the same

direction, because of the positive charge on the v

holes. The holes acquire a drift velocity vdp (in
cm/s), which can be written as

l-!uJ” — +;J| ]'_‘- h(oble—~Vd

Electric field
where y, is a constant called the hole mobility, Hole movement
and again has units of cm?/V.s Current flow

The positive sign in above Equation indicates that
the hole drift velocity is in the same direction as
the applied electric field as shown in above Figure.
The hole drift produces a drift current density Jp (A/cm?) given by where p is the hole
concentration (#/cm®) and e is again the magnitude of the electronic charge. The
conventional drift current is in the same direction as the flow of positive charge, which
means that the drift current in a p-type material is also in the same direction as the applied
electric field. The hole drift produces a drift current density Jp (A/cm?) given by

Current carriers are mostly holes.

‘U
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Jp = +epvg, = +ep(+upE) = +epu E

'} La _i 4
Since a semiconductor contains both electrons and holes, the total drift current density is

the sum of the electron and hole components. The total drift current density is then written
as

l
J=enpu,E+epu,E =cE =—=E

P
The resistivity for two types of materials
¢ In n-type semiconduetor:
I
Nty
o In p-type semiconductor:
1
o= Ny
The total conductivity of a semiconductor is:
O = €Ny +EePLLy,
< Drift Current Equations
For undoped or intrinsic semiconductor - n=p=n Total current density
For electron For hale Jf' - JF 1 Jh
Ji=ngEu, + poEpy
J=ngu, = pgki o
Vo \ \ snce N=P=1l,
. \ \
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\\ \ \ \
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nbype samiconducior;

For Extrinic material n>>p= JT m F?{}#”E = f"v'TDi}'P-'ﬂE

piype semecondcion

p>n=J=pqu k=N qu E

2-Diffusion Motion(cCarriers diffuse to the area at lower carrier concentration):

Diffusion : Particles tend to spread out or redistribute from areas of high concentration
to areas of lower concentration.

—> It is possible for an electric current to flow in a semiconductor even in the
absence of the applied voltage provided a concentration gradient exists in the material.

— A concentration gradient exists if the number of either elements or holes is
greater in one region of a semiconductor as compared to the rest of the Region.

— In a semiconductor material the change carriers have the tendency to move from
the region of higher concentration to that of lower concentration of the same type of charge
carriers. Thus the movement of charge carriers takes place resulting in a current called
diffusion current.

In the diffusion process, Statistically, we can assume that, at any particular instant,
approximately half of the particles in the high-concentration region are moving away from
that region toward the lower-concentration region. We can also assume that, at the same
time, approximately half of the particles in the lower concentration region are moving
toward the high-concentration region. However, by definition, there are fewer particles in
the lower-concentration region than there are in the high-concentration region. Therefore,
the net result is a flow of particles away from the high-concentration region and toward the
lower concentration region. This is the basic diffusion process. The diffusion current
density due to the diffusion of electrons can be written as

dn
'].'. - C 1.).‘1_
dx

where e, in this context, is the magnitude of the electronic charge, dn/dx is the gradient of
the electron concentration, and Dn is the electron diffusion coefficient. The diffusion
current density due to the diffusion of hole s can be written as (for one dimension)

_ dp
J, =—eD,—
| " dx
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where e is still the magnitude of the electronic charge, dp/dx is the gradient of the hole
concentration, and Dp is the hole diffusion coefficient. Note the change in sign between
the two diffusion current equations. This change in sign is due to the difference in sign of
the electronic charge between the negatively charged electron and the positively charged

hole.

| Carrier move to
lower concentration

dn

—>0
& .
i Concentration
1 gradient

X

Current 1

}9 Carrier move to
|ower concentration

—

dp
E>0 ‘
Concentration

gradient
X

Current

Fick’s first law-
Key diffusion relationship

Diffusion flux o - concentration gradient

Flux = number of particles crossing a unit area per unit
time [em™ ¢ s7']

IFor Electrons:

Fn = _DII d_n
dx
For Holes:
, dp
K, p E

D, = electron diffusion coefficient [em? /]
D, = hole diffusion coeflicient [cm 5!

D measures the ease of carrier diffusion in response to a
concentration gradient: D T = Fait T

D limited by vibration of lattice atoms and ionized dopants.

Total Current Density

In general. total current can flow by drift and diffusion
separately. Total current densityv:

J,=Jdnn 4 JaiT _ gnu E +|:]l}nﬂ
dx
J, = JIN AT _ gpu E — gD, —:p
xX

Jlt)tﬂl =Jn +Jp
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++ Einstein Relation

Einstein relation relates the two independent current
mechanicms of mobility with diffusion;

D D
n k_T and = k—T for electrons and holes
.n'u:n q "HP q
e —~ A

Constantvalue at a fixed temperature

c_?‘n‘—/sec:voff k_T:(Jer—)(K-):voff
cm‘/V—sec q C

}'c_i" =25mV atroom temperature

q

Carriers life time :

In pure S.c (n=p) ,thermal agitation continues to produce new hole-electrons pairs while
other e-h pairs disappear as a result of recombination on an average ,a hole or electron will
exit for (tp) (Tn) sec before recombination.

(tp) (tn): mean lifetime of holes and electrons carrier life time range from (10- sec ) to
hunderds of (10 sec) and it is indicated the time required for (n) and (p) concentration
which have been caused to charge to return their equilibrium concentration

The equilibrium concentration of holes and electrons in the n-type bar (p° & n°) , and the
new concentration are (p~ & n’) under the influence of the radiation.

The excess concentration is (p” - p0) for holes and (n- -n0) for electrons

P-P°=n"-n°

Diffusionlength, L

When excess carriers are generated in a specimen, the minority
carriers diffuse a distance, a characteristic length, over which
minority carriers can diffuse before recombining majority carriers.
This is called as a diffusion length, L.

Diffusion length for electrans

L - L,={Ds,

Diffusion length for holes
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Energy band diagrams

As a consequence of the mathematical description of the wave character of carriers in
semiconductors, Free electrons have energies in an allowed energy band higher in energy
than the bandgap, the conduction band E., whilst free holes have energies in an allowed
energy band lower in energy than the bandgap, the valence band E,.

The Fermi-Dirac distribution function f(E) as illustrated in below Figure g(E) gives the
distribution of energy levels (states) as a function of energy. f(E) gives the probability of
finding an electron at energy E. Thus 1-f(E) gives the probability of finding a hole or
electrons and it is changing according the types of material.

1- for Intrinsic material the concentration of electron in the conduction band equal the
concentration of holes in valance band , therefore the Fermi-energy (Ef) must lie at
the middle of the band gab .

2- In n-type there is high concentration of electrons in the conduction band compared
with the hole concentration in the valance band .thus in n-type material the
distribution function f€ must lie above its intrinsic position on the energy scale .

3- In p-type material the hole concentration in the valance band is higher tha the
concentration of electrons in conduction band , thus the Fermi level lies near the
valance band .

F 3 E F 3 E F 3 E

> electrons

b ) n-type

concentration
A E A & E

>, electrons

C) p-l} ]‘.L‘

Y

concentration

Figure: The energy band diagram with the position of the Fermi level Ef as a function

of the doping type (left). The integration of the product of the density of states g(E) and

the Fermi-Dirac distribution function f(E) gives the carrier distribution over the energy
range above or below the bandgap (right).

A
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Example:: A Si sample is doped with 10* atomic% of P donors. Assuming complete
ionisation of donors at room temperature, calculate the charge carrier concentration and
conductivity at room temperature.

[For Si: p = 2330 kg m”, atomic weight = 28, p. = 0.15 m*V's™]
Answer

N. _10°

Si
where Ns; — number of Si atoms per unit volume Obtain Ns; from Avagadro’s No.

Ng ==L x6x10%
28x10

This gives Nsi =5 x 10?® m*
Ng=5x 10 m?,
Complete ionisation, n-type semiconductor: So charge carrier concentration is

n.=Ng=5x10*?m?

(neglect py)
Conductivity 6 0 = ncele
[hole contribution negligible]
S0 0=5x10"x1.6x 10" x 0.15cm*m™

=1200 Q*'m*

Example 1.4

Calculate the diffusion current density for a given semiconductor.

Consider silicon at T = 300 K. Assume the electron concentration varies linearly
from n= 1012 ¢m™ to n= 10'% em~? over the distance from x= 0 to x = 3 um.
Assume Dy = 35 cm?/s.

We have
dn An - 10" — 10"
Js = E ) e = ), e = (] 6 10 T —
’ ”."gh "".:n o x ”"(n-_hm*)

ar
J, = 187 Alemy®

Comment: Diffusion current densities on the order of a few hundred amperes
per square centimeter can also be generated in a semiconductor.
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Example: Dopant Compensation Example

Consider a Si sample doped with 10%/cm? Boron.

Consider the same Si sample, doped aaditionall T
P P / What is its resistivity?

With 107cm® Arsenic. Whatis its resistivity?
Answer: Ansiver:
N, = 1006, Ny= 10T (N>>N, 3 nype) Ny = 10%em, Np=0 (N, >> Ny p-type)
3 0= 910%cmt and p = 1.0x10%m’ 7 p=10%cm® and n = 104cm
| 1 1

A
P

g, = gpe, g, gL, +gpi, ) L,
_ |
L6000 <000y oyl <40-m

H.W

Calculate the drift current density for a given semiconductor. Consider silicon at T = 300 K
doped with arsenic atoms at a concentration of Ny = 8 x 10" cm—> . Assume mobility
values of un = 1350 cm?/V.s and up = 480 cm?/V/.s. Assume the applied electric field is 100

V/icm.



