CHAPTER 2
2.1 THEORY OF P-N JUNCTION

If two pieces of semiconductor materials with different conduction
txpe are brought together in a contact, a junction is formed. It is
the basic building block of almost active semiconductor devices.
Before contact there is a large electron concentration in the n-side
and a large hole concentration in the p-side. After the two sides are
brought into contact, electrons are diffused from the n-side to the
p-side and holes are diffused from the p-side to the n-side.
However, each electron that diffuses into the p-side leaves a
ﬁositively charged donor atom behind in the n-side, likewise the

oles that diffuse into the n-side leaves a negatively charged
acceptor atom behind in the p-side. An electric field is built-up
between the ionized donors and acceptor atoms in such a direction
as to oppose the further diffusion of electrons and holes and the
system comes into equilibrium statement.



Figure (2-1,(2-2) shows such
arrangement for symmetrical
junctions has equal and
opposite doping on two sides,
to the left of junction, electron
concentration is high and
decreases sharply nearly zero
at edge of the depletion
region, to right of junction
hole concentration increases
sharply from zero to the
equilibrium value at the other
edge of the depletion region,
the hole and electrons
concentrations approach the
normal equilibrium value.
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Fig. (2 - 1) Symmetrical PN Junction
Where Np = Np , X, = X, + X, , and X, =X,



The electric field is the maximum at the junction and
decreases linearly in receding from the junction within the
depletion region of the junction (X ), impurities are depleted
of their holes or electrons. In some ways, the depletion
region acts as insulating region, since it contains no mobile
carriers. The built—in voltage V. can be computed from

the relation
KT Np N
Vy = — In —2(2.1)

q n?

Commonly concentration of impurities on either side of the
junction is not equal,
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Note, acceptor levels in the p-type side and the donor levels in
the n-type side, most of them are ionized at room temperature.
In addition, there is sufficient thermal energy at room
temperature to ionize a few hole — electron pairs as evidenced by
the electrons in conduction band of the p-type side and the holes
in the valance band of the n-side. Since equilibrium is a condition
that cannot support current flow in an external wire joining the p
and n regions, the energy of electrons and holes must be equal in
the two regions. The Fermi level must be a single level through
the material. As a consequence of the constant Fermi level, there
is an energy difference in both band edges at the junction. The
energy difference equal to V; expressed in eV can be thought as
energy barrier that hinders diffusion of carriers from the high
concentration side to the low concentration side.



Electrons tend to diffuse from the large concentration side in the n-
region to the small concentration side in the p- region where
recombination occurs. The balance of charge in the vicinity of the
transition region will disturbed, the positively charges immobile
donor atoms results a net positive charge on the n-side of the
transition region. In the same manner, the diffusion of holes results
a net negative charge immobile acceptor atoms on the p-side of the
transition region. The negative charge must equal the positive
charge. Also voltage difference due to the double layer of charge
must at equilibrium be equal to the built-in voltage V; which is the
contact potential between the n and p material. The width of the
depletion region is determined by the distribution of ionized

impurities in the depletion region and by the potential of the energy
harrier The denletion reciaon ic varv thin 1iciialiv in the arder of 104



The direction of the resulting field is such that a drift current of
thermally generated electrons, is opposite in the direction to the
diffusion current of electrons, and a drift current of thermally
generated holes, is opposite in the direction to the diffusion current of
holes, are established. At equilibrium, the contact potential assumes a
value required to make the drift and the diffusion currents equal and
opposite, so that there is no net current. the drift currents arise from
minority carriers diffusing in the depletion region from regions and
also from carriers of like sign thermally generated within depletion
region, diffusion currents arise from majority carriers diffusing in the
depletion region from regions and also from carriers of like sign
thermally generated within the depletion region. When equilibrium is
disturbed by applying a voltage V,, there is little effect on the drift
currents, but the effect on the diffusion currents is drastic
exponentially in V



When V, positive on p-side,
voltage is forward bias because
the effect of voltage is to
decrease energy barrier height
and to increase the number of
carriers that can diffuse across
the depletion region as shown
in figure (2 - 4), majority carriers
from side will move into the
depletion region and pass across
the junction.
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This low resistance direction and a current exist dependent
on the carrier density, junction area, and applied potential,
overall resistance can be representing as a high resistance,
shunted by a capacitance due to the dielectric of the barrier
layer. For small drift currents at moderate temperature and
moderate impurity concentration, and for insignificant
recombination of diffusion currents in the depletion region,
we get good rectifying characteristics. Forward current
increases exponentially with bias as diffusion current
dominate. Reverse current is relatively voltage insensitive
since the drift current dominates figure (2-5).
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Such electrical equilibrium will have established when the field
becomes large to hinder more diffusion between the two sides and
a depletion layer is existing and contain un-mobile charge carriers,

this layer is also known as transition or space charge layer.
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The depletion layer is considered as the heart of the
junction, where all the electrical phenomena are occurred.
Figure (2 — 7) shows the resistivity as function of doping
concentration of N, P type for silicon . The electrical field
intensity at the junction is shown in figure (2-8b). 11



Figure (2 — 8) Electrical Phenomena inside the Space Charge Laﬁy”é‘r"

for PN Junction

It is the integral of space charge
intensity shown in figure (2-8a).

Figure (2-8c) shows the electrostatic [

potential variation in the depletion
region, which correspond to the
potential energy barrier for the
charge carriers. It is the negative
integral of the electrical field
intensity. Under open circuit
condition , resultant current is zero,
this allows us to calculate the height
of the barrier voltage V, which is in
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There are two types of the junctions, mainly:

Graded Junction : where the diffusion from higher to lower
side is gradually changed

Abrupt or step junction : where the diffusion from higher to

lower side is suddenly changed |
|

— __

Ixm; th
e -

Over view for Graded and Abrupt or Step Jdrctions

a

Xm(G) >> Xm(S) 13



Solved Examples

Example (50)
A silicon diode at temperature T = 300K has doping

concentration N, = N, = 1.2x10%* cm -3, n, = 1.5 x101°

cm 3, D, =25cm?s L, D =10cm?s %, K;=11.7,L, =
2.2x10%cm and L_= 3.5x103cm, and cross section
area = 1x102 cm?.

Solution:

The minority hole in n - region

nj  2.25x10%° 4 2
= = 1.875x10* cm™

1

Pro = N7 1.2x1016

The minority electron in n, p-region

ny  2.25x10%°

Upo = N, = 1.2x1016

po = N = 1.875x10* cm™3
D

The reverse saturation current
qDy,p q Dyn
I, =A [ P22 4 i
LP

1.602 x 1071°
3.51x10713 4

1]
L ()l
[10 #1.0875x10%* 25x1.875x 104]
22x103 3.5x103

Example (52)

Consider an abrupt p-n diode with N,= 108 cm3 and N, =
106 cm3. Calculate the junction capacitance at zero bias.
The diode area equals 10% cm?2. Repeat the problem
while treating the diode as a one-sided diode and
calculate the relative error.

Solution:
The built in potential of the diode equals:

The depletion layer width at zero bias equals:

And the junction capacitance at zero bias equals:

Repeating the analysis while treating the diode as a one-
sided diode, one only has to consider the region with the
lower doping density sothat

And the junction capacitance at zero bias equals

14



2.2 PHYSICAL DESCRIPTION OF THE DIODE

The key section of the planer diode involves the P* - N
junction, and acts as a rectifier. It allows the current to pass
only in one direction but not the opposite direction. If we
connect the junction with bias voltage as in figure (2-9), a
large current flow is observed and its magnitude increases
exponentially with the applied voltage. This is known as
the forward bias. An ideal PN diode has zeroed ohm
voltage drops, for such diode, the height of the potential
barrier as shown in figure (2-8c) is decreased. For a
forward bias, holes from P to N, and electrons from N to P
cross the junction. They are the majority carriers and large
current will flow.

15
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If the two terminals of the battery interchange , current will
disappear, this is known as reverse bias condition. The holes
in the p - side, and electrons in the n - side are move away
from the junction. Actually generated hole - electron pairs
will appear due to the thermal energy. They constitute small
current known as reverse saturation current I;or | or I, .
Current will remain negligible until reverse voltage becomes
very large, then at some critical voltage a large current surges
through the diode under condition of junction breakdown.
The mechanism of conduction in the reverse direction is
described as, when no voltage is applied to PN diode, the
potential barrier across the junction is shown in figure (2-8d).,,
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Fig. (2—-9) PN Junction in Forward Bias | -------------------------------------------------

Fig. (2 - 10) PN Junction in Reverse Bias
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When reverse voltage applied, height of potential barrier
increased, reduces flow of majority carrier’s (py), and (n ),
also reduce flow of minority carriers (p,), and (n ). Note that,
current increased by increasing temperature. Reverse bias
condition is shown in figure (2-10). P-N junction can be used
as a switch, rectifier, light detector, solar cell, microwave
diode, or in compound semiconductors as a light emitter or
laser diode. Figure (2-11), shows energy band representation
for PN Junction. Equation 2.1 of the potential barrier derived
from the following consideration. When no voltage is applied
to the p-n junction, no current passes through external circuit
even when the n—region, is shorted as shown in figure (2-12).



Fig. (2 - 11), Energy Band Representation for PN Junction

Thus, net current through the junction
must be zero separately both for free
electrons and holes. Considering free
electron current only at the junction
figure (2-12a), one finds that there are
two components of current density
flowing across the junction. J, is the
component of the current density that
flows down the potential barrier with
the electron flowing from p-region to
n-region and it is the drift current
density due to the free electrons under
the influence of the field on account of
the potential barrier and J,, may be
written as:

Jin = qnu,& (2- 2)

20



Where € is electric field

intensity caused due to Holediffusii,p\u-rent

potential barrier voltage Vg, and — Pe, @ Mo
. . Hole Drjift Current

(n) is density of free electrons. NpOQAw&\pno

Current density component J,_
flow of electrons from n-region

where free electrons are
majority carriers to p-region
where they become minority

current flows due to diffusion,
thus, J, = qD @(2.3)

n qx



D_ is diffusion constant for electrons and dn/dx is the

n

gradient of electron density. When applied voltage is zero,

sum of the two components is equal to zero, hence:

d
Jin + J2n = qnu,& +and_: =0 (2-4‘)

Rearranging and integrating the equation across the
depletion layer (a-b) near the junction,

b n
D ndn
—f edx=—"| —(2-5)
a n

”n np
Where n, and n, are the densities of free electrons in the n-
region and the p-region respectively

D n
Vp—Vq= Vr = —In—(2.6) -

I ¥ |




Where V, and V, potential at (a),(b) (figure 2.12b), Using Einstein relation,

Dy, / _ KT/q ’
We get the barrier potential V = 71n =(2.7)
Or, n, = n, exp—(Z 8)
Considering hole current and using the relationship p,, = "‘Z/nn , We get
Vy = %ln% - ’:T In pfl:_j” (2.9)

v
Or p, = pPpexp (%) (2.10)

For a typical germanium p-n junction doped to 10'® impurity atoms per cm3,
the barrier potential at room temperature is about 0.3V. This barrier potential
cannot be measured because the net current is zero and the crystal is
electrically neutral to the outside.

23



Solved Examples

Example (53)

Calculate the built-in potential barrier of a
pn junction. Consider a silicon pn junction at
T = 300 K, doped at N, = 10® cm™ in the p-
region and N, = 107cm~3 in the n-region.

Solution:

We have n, = 1.5 x 10'%m™3 for silicon at
room temperature. We then find

NN
Vpi = Vpln (-2
n:
1016x 1017
— 0.026 In L5 x1000)2 —0.757V

Comment: Because of the log function, the
magnitude of V,,is not a strong function of
the doping concentrations. Therefore, the
value of V,, for silicon pn junctions is usually
within 0.1 to 0.2 V of this calculated value.

Example (54)

An abrulpt silicon B-n junction (Na =10 cm=3and N,
=4 x 10%® cm3) is biased with V, = 0.6 V. Calculate the
ideal diode current assuming that the n-type region
is much smaller than the diffusion length with w,'= 1
mm and assuming a "long" p-type region. Use p =
1000 cm2/V-s and p, = 300 cm2/V-s. The minority
carrier lifetime is 10 ms and the diode area is 100
mm by 100 mm.

Solution:
The current is calculated from:

With
D, =p, V,=1000 x 0.0258 = 25.8 cm?/V-s
D, = u, V, =300 x 0.0258 = 7.75 cm?/V-s
ny, = n?/N, =10%°/10%* = 10% cm™
P.o = N2/Ny;=10%°/4 x 10 = 2.5 x 10° cm3

24
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2.2.1 DC voltage — current analysis in p-n junction

Derivation for direct current
in p-n be considered. Fig. (2-
13) shows holes & electron
current components versus
distance in n*- p junction
with forward  bias. It
assumed current flow in one
dimensional, SO no
recombination takes place in
depletion layer and drift
current within depletion
laver are small.

Electron curren

Hole current
Injected electron

Injectg:i hole

Ng

A

(2~ ron current
components versus distance in pn junction



In n-material, total current is equal to electron current, in
which some recombine with holes that are injected into n*
material from p-region. Thus, it decreases toward junction in
such a way that sum of electrons current and injected hole
current equals total current. Remains current of | at the
junction diffuses into the p-material. Injected electrons then
recombine, and the electron concentration in p-material
decreases with distance from junction until the equilibrium
concentration of electrons in p-material, n,, is reached. The
same be made with respect to injected hole current in n-
material. The total current flowing will be nearly equal to
sum of electron and hole diffusion currents at junction. 26



An expression for the electron current following under
these conditions can be obtained in elemental volume
extending from x to x + dx , net flux of carriers into the
volume plus the rate of recombination of carriers within

volume must under steady state conditions equal zero.
The flux of electrons entering the left face is,

F(x) = D (2.11)

" 9x
, and the flux of electrons leaving x + oalx is,
F
F(x+dx) = F(x) A I dx (2.12)

Thus the net flux entering the volume is,

2
F(x)—F(x+dx) =D 6_n

nazdx  (2.13)

27



Since excess carriers recombine exponentially, the rate of
recombination is proportional to the carrier excess and rate
of carriers removal from the elemental volume by the
recombination is equal to,

| (n = ) (2.14)
Tn
Where t, is electron carrier life time in p-region
semiconductor, from continuity we have,

"n (n—n,)
"Ix2 T,
Solution of equation (2.15) subject to the boundary
conditions (n = n, at x = 0, n=n_ at x= o ) gives, 28

D

= 0(2.15)



e—x
n-—-n,=(n,—n 2.16
p ( 0 p) \/ann( )
Rate of diffusion of electrons which leads to an electron
diffusion current density is directly proportional to the
electron concentration gradient. In one-dimensional case,

dn
Jn=qD

Where J  is total electron current density, D, is electron
diffusion constant in m?%/s, and dn/dx is the concentration
gradient of electrons. Both electron diffusion current density
qD, (dn/dx) and electron drift current density qnp € are
included because in practical case, such motion of electrons
in the base region of a transistor.

Fgnu,e(2.17)

29



From eq. (2.17),

on qAD,(n, — n,)
InquDnalx:O — —— F

Concentration of electrons at right edge of depletion region is
related to applied voltage V.. From Fermi level considerations, it can
shown that injected level of electron is,
qu/
n, = nye /k1(2.19)
AD 4
Thus, I, = 22 (" — 1) (2.20)
n
Where, A is cross sectional area of junction, V, is applied junction
volt, T, is electron life time in p-material, n, is electron density in p-

side, D, is the electron diffusion constant, L = \/Dnl‘n is electron
diffusion length in the p-side. 30



I
Ideal Curve

Similar expression established for
the hole current, giving a total :
current flow of, Real Curve

I = I,(e?o/KT — 1)(2.21)

Pn
Where, I qA[ L + (—) Lp]
, TpIS hole life time in n-material, p,
is hole density in n-side, D, is hole
diffusion constant, L= \/Dprp is

hole diffusion length in the n-side.
Eq. (2.21) is known as the ideal

Forward Bias

> _VJ

e . . . T:>T1,>T,
rectifier equation, this equation Fy (3-14) ideal and Real V-A

derived for a forward bias junction, Characteristics of p-n Junction



it shown that it is equally valid for reverse bias. Experimentally it
found many diodes follow ideal rectifier equation over a current
range of six orders of magnitude, or even more. The quantity I, is
called a saturation current. The ideal rectifier characteristics also
hold to about same accuracy for Schottky barrier diodes having a
high barrier (¢) at the interface between the metal and
semiconductor materials, provided that saturation current I, given
the value,

I. = AT?e "/kr(2.22)
The diode equation is plotted in figure (2.14) for ideal and real
voltage - current characteristics of a p-n junction at different
temperature.



2.2.2 Ohmic Contact

Two metal electrodes be alloyed to p-n junction to allow
flow of current in external circuit. Such electrode has a
contact potential developed across it. We assume, such
contact has been manufactured with zero resistance in a way
that, they are non-rectifying element. In other words, the
contact potential across these electrodes is independent of
the direction and magnitude of current, such contact is

known as ohmic contact.
Metal
— electrode

Electrode Alloy with
zero ohms

33



2.2.3 Short and Open Circuit junction

At no bias voltage, and junction is in a short circuit mode,
current should be zero, and barrier voltage V, or V, or V,
remains unchanged. If | # 0 at V=0, the metal will be heated,
such energy is supplied by the junction itself, so such
junction needs to cooling. Since under short circuit
condition, the sum of voltages will be zero, and the barrier
voltage V, will be compensated by metal -semiconductor
contact potential at the ohmic contact.

34



2.2.4 Band Structure of Open Circuit Junction
For reaching electrical equilibrium in a PN junction, Fermi level must
be constant along the junction, Fermi level is closer to conduction
band in n-type side and closer to valance band in p-type side. Figure
(2-15) shows energy band diagram in a p-n junction and shift of
energy level is appeared . From figure (2-15), we can see:
E,= Ecp— Ecn=Ey, — €y,n=E1+ E; Eq.2.23

Where E_ is the barrier voltage at the junction, and:

1, E,— Ey= Er—E,, Eq.2.24

1, E,— E; = Ecy —Er Eq.2.25
By adding Eq. 2.24, and Eq. 2.25, we get:
Ei+ E, =E;— (Ec, — Ep) — (Efp— E,;,)) = Eq.2.26
From Eq.2.23, and Eq. 2.26, then:

)5



transition [ N - Region

Fig. (2 — 15) Energies Representation in PN Junction
E,=E1+ E;, =E;— (Ecn— Ep)— (Ep— Ey,) = Eq.2.27
And we have before:
n2=np= N,N,e (Eg/KT)

Fromwhich,  E,= KT In~%;*  Eq.2.28

l
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And also we have before,
Er = E.= KT In "</y_ From which:

N
Eco — Ep= KT In "¢/ Epa 2 29
And also we have before,
_ N
Er = E,+ KT In ”/NA

From which: Er — E,,, = KT In "*/y, Eq.2.30
By substituting Eqgs.2.28, 2.29, and 2.30 in Eq.2.27, we have:

N.N
— =V, Eq.2.31
n;

When a forward bias is applied to a PN junction, injected minority
carriers decreased

E, = KT In



exponentially with distance from the

junction as shown in the next
equation:

Pn — Pno

=K,e *lp + K, e *p
And also the diffusion current is

given before as: J,, = —q Dp ax

In figure (2-16), there are four
current components (1, 1., 1., 1., ),
the total current due to minorities at
x=0 is,

I = Luo)+ Inpo) Eq.2.32

P+

Figure 2-16 Current component

in pn junction
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In the p-side, It is clear that, the total current (l) is equal to
l,, added to |,

Ipp(x) = I + Inp(x) Eq.2.33
In N-side, It is clear that, the total current (1) is equal to |
added to |, , The total current in diode at junction equal to
zero, Iy = I+ Lyp Eq.2.34
Ir_ 1, + Iy — Iy — Iy = o Eq.2.35
Note that in un- symmetrical junction,

Lin: Iy, & Iy, # Iy

39



2.2.5 The Quantitative Theory of PN
Currents

If a forward bias is applied to
junction, holes are injected from P-
into N-side; and also electrons are
injected from N into P-side. Let us
analyze one component only, for
example injected holes in N-side
(injected electrons in P-side has

same analysis).The concentration oj *

holes in n-side is increased abov

its thermal equilibrium value (p.),

40




Pn(x) = Pn(1) € (x/1p) + Pn Eq.2.36
Injected or excess concentration at x=0is,

Pn1 = Pn) — Pn~ Eq.2.37
From before, the diffusion component is given by:

J, = —q D, dp/ox
From which, the diffusion hole current in the n-side is given by:
0
Iyn=—qAD, "/, Eq.2.38
Derivative of Eq.2.36 and substitute in Eq.2.38, we obtain:
I, o= 1202Pn o= (x/Ly)  Eg 2.39
p

Equation 2.39 verifies hole current decreases exponentially with
distance. injected carriers are a function of voltage.



2.2.6 General Current Law of the Junction

If hole concentration at edges of depletion layer are
(p,) and (p,) in p and n material. If the barrier voltage
across depletion is (V;), then majority concentration
defined as:

pp = pneVe/V1  Eq.2.40

If we apply Eq.2.40 to the case of open circuit junction,
then:

Pp = Pp(o) &pn = Pn(o) & Vp=1V,
By substitute these values in Eq.2.40, we get V,

(contact Potential). .



If forward bias is applied V, the
Vg is decreased from its initia
value by the amount V, or:
Veg=V, — V (2.41)

Hole concentration throughout p-
side is nearly constant and equal
thermal equilibrium value or p =
P,o, and it is varying with distance
into n-side as indicated in figure
(2-18). At the edge of the
depletion layer where:

X=0 &pnzpn(o)

43




Equation 2.18 becomes:
Ppo) = Pn(o) €V VT Eq.2.42

Pn(o) = Pn €VB/VT Eq.2.43
This boundary condition is called law of the injection. For forward
bias V > 0, and the hole concentration (p, ) at junction is greater than
the thermal value (P,) (similar law is valid for electrons). The hole

concentration (p,,) injected into n-side at the junction is obtained by
substituting Eq.2.43 in 2.37 gives:

Pno) = Pn [€"/VT—1]  Eq.2.44
The hole current |, crosses junction into n-side. With x = 0, using
Eq.2.44 ,we have:

AD
Lynio) = 1 - i [e"/VT —1] Eq.2.45
D
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And the electron current |, crossing the junction into p-side is

given by :
qAD,n
np(o) Ln

I EleV/V1 —1] Eq.2.46

Finally total currentis sumof |, o and |l g,
I=1,|e"VT—1] Eq.2.47
qAD AD,n,
I, = 12 7pPn A7 7Ty Eq.2,48
Ly Ly
For reverse bias -V>V., Eq.2.47 becomes:
I=1, Eq.2.49

|, is the reverse saturation current, Eq.2.48 can be written in the
following form:

I, = qA

| n?  Eq.2.50
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And since,
n? = A, T3 e Eoo/KT = 4 T3 e Veo/V1  Eq.2.51
V., is voltage numerically equal to energy gap E,, in electron volt.
The temperature dependence of the reverse saturation current is:
I,=K,T? eVs0/VT  Eq.2.52
Where, K, is constant independent of temperature. Eq.2.47 is also
depending on the material of the device, so it can be rewritten as:
I=1,|e"/"V1 —1|  Eq.2.53
Where n can be more than 1 for some materials and the reverse
saturation current is:
I,= K,T32 e V9o/2Vr  Eq.2.54
Where, (K,) is constant independent on temperature
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