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IL.OS

* |In this section, we will learn:

* The basic properties of semiconductors and, in particular, silicone — the
material used to make most modern electronic circuits.
| * How doping a pure silicon crystal dramatically changes electrical
conductivity — the fundamental idea in underlying the use of
semiconductors in the implementation of electronic devices.

* The two mechanisms by which current flows in semiconductors — drift
and diffusion charge carriers.

* The structure and operation of the pn junction — a basic semiconductor
structure that implements the diode and plays a dominant role in
semiconductors.
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Agenda

1 Current Flow in Semiconductors

d The pn Junction with Open-Circuit Terminals (Equilibtium) -

d The pn Junction with Applied Voltage

d Capacitive Effects in the pn Junction
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Intrinsic Semiconductors

* Q: Why can thermal generation not be used to affect
meaningful current conduction?

* A: Silicon crystal structure described previously is
not sutficiently conductive at room temperature.

* Additionally, a dependence on temperature 1s
not desirable.

°* Q: How can this “problem” be fixed?

doping — is the intentional introduction of impurities into an
extremely pure (intrinsic) semiconductor for the purpose

e changing carrier concentrations.




Doped Semiconductors

process is called an extrinsic material.

A semiconductor material that has been subjected to the doping

p-type semiconductor * n-type semiconductor
* Silicon is doped with element * Silicon is doped with element
having a valence of 3. having a valence of 5.
* 'To increase the concentration * 'To increase the concentration
of holes (p). of free electrons (7).
* One example 1s boron, which * One example 1s phosophorus,
is an acceptor. which 1s a donor.
Lecture 03 10/20/2018 5
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Doped Semiconductors

* p-type semiconductor * n-type semiconductor

Covalent
bonds electrons bonds

Valence Covalent

Valence
electrons
Silicon atom

Free electron donated [
by impurity atom ‘
Trivalent impurity ‘
atom (acceptor) Pentavalent impurity
atom (donor)

Electron accepted from
this atom, thus creating
a hole

Silicon atoms
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Doped Semiconductors

p-type doped semiconductor

* If N, is much greater than z,...
* concentration of acceptor atoms is N 4

* Then the concentration of holes in the p-type is

defined as below:.
they will be equal...

(p,) = (N,)

number  nhumber

holes acceptor
in atoms
Lecture 03 p-type 10/20/2018




Doped Semiconductors

n-type doped semiconductor

* If Njis much greater than #;...

. * concentration of donor atoms 1s N
* Then the concentration of electrons in the #-type is defined as

below.

they will be equal...
@ ™
(n,) = (N,)

number number
free donor

o_-trnnc atnmc

The key here is that number of free electrons (conductivity) is dependent
Lectute 03 on doping concentration, not temperature...




Doped Semiconductors

action: combine this with equation

p-type semiconductor e sl |
R N
2
* Q: How can one find p, X n, = n .
10nN°
the concentration: S e mﬂqber
of holes of free oriree
* A: Use the formula to in p-type  electrons electrons
\ in p-tvpe and holes
right, adapted for the PPE i thermal
. il.
p-type semiconductot. S
2
ni
L
A
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Doped Semiconductors

action: combine this with equation

on previous slide
A

n-type semiconductor

r N
°* Q: How can one find p x n = n>
. n n i
the concentration?
number number number
. : of holes of free of free
A: Use the formula in n-type  electrons electrons
to right, adapted for in n-type i?]”tdhzfr'f;
the #-type equil.
semiconductot. n’
AT
P, =
nD
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Doped Semiconductors

[ 1 °® o
p-type semiconductor n-type semiconductor

* n,will have the same * p,will have the same

dependence on temperature as dependence on temperature as
2 2
1, 1,

* the concentration of holes (p) * the concentration of free
will be much larger than free electrons (7,) will be much
electrons larger than holes

* holes are the majority charge * clectrons are the majority
carriers charge carriers

* free electrons are the minority * holes are the minority charge
charge carrier carrier
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Doped Semiconductors

It should be emphasized that a piece of n-type or p-type silicon is
electrically neutral; the charge of the majority free carriers (electrons in the

n-type and holes in the p-type silicon) are neutralized by the bound charges
associated with the impurity atoms.

Let

N, . thermal-equilibrium concentration of electrons

b, - thermal-equilibrium concentration of holes

N : concentration of donor atoms

N, : concentration of acceptor atoms

N, +: concentration of positively charged donors (ionized donors)

N, - : concentration of negatively charged acceptors (ionized acceptors)
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Doped Semiconductors ;

At equilibrium, the product of the majority and minority carrier concentration is
a constant, and this is mathematically expressed by the Law of Mass Action.

S
NoPo = Ny

by the charge neutrality condition, /3, + N, = py+ N,*

It Ng- N, >>n;,
then
9= Ng-Ng po= n (Ng - Ng)

If N, — Ng=>nj,
then
po=Na—Ng ng=ni | (Na— Na)

Lecture 03 10/20/2018 14
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Example 2: Doped Semiconductor

* Consider an n-type silicon for which the dopant concentration is A =
10%7/cm3. Find the electron and hole concentrations at 7= 300K.

. e Solution
The concentration of the majority electrons is n, =~ Np = 1017 /cm3
2
The concentration of the minority holes is Py = %
D
In Example 1, we found that at 7= 300 K, n; = 1.5 x 10°%/cm3. Thus,

(1.5 x 1010)2

=2255610 fem

Observe that n,, > n; and that n,, is vastly higher than p,,.
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Example 3 : Doped Semiconductor

For a silicon crystal doped with boron, what must A, be if at 7= 300 K the
electron concentration drops below the intrinsic level by a factor of 10?

AL300K, n, = 1.5 x 10" %em’

r ) = NA
Want electron concentration

i
= n” = -Ls_-_i(_a!g— == l.5>< 1041(3“3
10

.'-N{q = Pp = ';;'"
B

. (5% 10"’
1.5 x 10°
= 1.5 % 10"%cm’
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Current Flow 1n
Semiconductors
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1. Drift Current

There are two distinctly different mechanisms for the movement of
charge carriers and hence for current flow in semiconductors: drift and
diffusion.

* Q: What happens when an electrical field (£) is applied to a
semiconductor crystal?

* A: Holes are accelerated in the direction of £, free electrons are
attracted.

* Q: How is the velocity of these carriers defined?

1, =hole mobility L, =electron mobility
E=electric field E=electric field
Vo arit = M E Vi_arit = —H,E

Lecture 03 18
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1. Drift Current

note that electrons move with velocity 2.5 times higher
than holes

£ (volts / cm)

L, (cm?/Vs) = 480 for silicon

1, (cm?/Vs) = 1350 for silicon

Lecture 03 19




An electric field £established in a bar of silicon causes the holes to
drift in the direction of £and the free electrons to drift in the
opposite direction. Both the hole and electron drift currents are in
the direction of £.

Lecture 03 | l



Current and Current Density

Current density may be related to the velocity of volume charge

density at a point.
Consider the element of charge AQ = p,Av = p,ASAL, as shown in -
Figure (a).

AQ=p,Av
\ AQ=p,Av -
AS AL / A
AS AL
Tectntls (@) (b) 10/20/2018 21
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Current and Current Density

* To simplify the explanation, assume that the charge element is
oriented to the x-axis and has only an x component of velocity AQ

— p,ASAx -
If the charge element AQ moved a distance Ax in the time interval
At, as indicated In Fiqure (b), the resulting current will be

AT=22=p a5 WP Al=p, A5,

Where v, represents the Xcomponent of the velocity v. In terms of
current density,

we find Jr = pox
and in general J=p,v

Lecture 03
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1. Drift Current

* Assume that, for the single-crystal silicon bar

on previous slide, the concentration of holes

is defined as p and electrons as 7.

* Q: What is the current component attributed
to the flow of holes (not electrons)?
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1. Drift Current

lp: current flow attributed to holes
A= cross-sectional area of silicon

* step #1: Consider a plane

perpendicular to the x direction. g= magnitude of the electron charge
p= concentration of holes
step #2: Define the hole charge V,_arise = drift velocity of holes

that crosses this plane. \

[
IP = AgYBVp—drift

Py
J == pu"r

Lecture 03 10/20/2018 24




1. Drift Current

PART A: What is the current
component attributed to the
flow of holes (not electrons)?

" step #3: Substitute in 1, F.

" step #4: Define current
densityias [ = f /.

Lecture 03

|, = current flow attributed to holes
A= cross-sectional area of silicon
g= magnitude of the electron charge
p= concentration of holes
4, = hole mobility
E= electric field
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1. Drift Current

3 3 I, = current flow attributed to electrons [
X Q What 1S the current < A= cross-sectional area of silicon [
component attributed to g= magnitude of the electron charge
n= concentration of free electrons
the flow of electrons (not #4,= electron mobility
E= electric field
holes)? - )

In = _Aqvn—drift

* A: to the right...

°* Q: How i1s total drift
current defined?

J =qgnu E

® A to the gt
o J:.Ip+Jn:f](p,up+n,un2E

this is conductivity (o)

Lecture 03 26
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1. Drift Current

* conductivity (0) — relates

current density (/) and J =0k
. electrical field (E) .
* resistivity (p) — relates & = Q(pﬂ o T nﬂn)

current density (f) and

electrical field (E) \ 1
p =

a(pu, +nu, )

Lecture 03 28




Example 4: Drift current

* Q(a): Find the resistivity of intrinsic silicon using following values — 2, |
= 1350e2/ Vs, 1= 480cn?/ Vs, n; = 1.5x10°/ e 3

* Q(b): Find the resistivity of p-type silicon with N, = 1016/¢? and .
using the following values — ¢, = 111077/ 17, s 400cn?/ Vs, n, =
1.5x1010/ ¢/

note that doping reduces carrier mobility
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Example 5: Drift current

(a) For intrinsic silicon, p=n= =15 x 100 cms
& 1 s 1
2 q(pu, +nu,)  1.6x107°(1.5x10" x 480 +1.5x10" x1350)
=2.28x10°> Q.cm
(b) For the p-type silicon pp = Ny = 10'°/cm3
i S e
Ty = N i = 2.25 x 10*/cm?3
o | X 1
X a(pu, +Nnu,) 1.6x107°(10" x 400+ 2.25x10* x1110)
=1.56 QQ.cm
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Note...

* for intrinsic semiconductor — number of free electrons is 7 and
number of holes is p,

. * for p-type doped semiconductor — numbet of free electrons is 7,

and number of holes is by 4

* for n-type ﬁoped semiconductor — number of frge electrons is 7,
and numbdr of holes is p,

majority charge carriers minority charge carriers
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Example 6: Drift current

A uniform bar of 7+type silicon of 2 um length has a voltage of 1 V applied
across it. If N, = 10°/cm3and p,, = 1350cm?/V.s, find (a) the electron drift
velocity, (b) the time it takes an electron to cross the 2-um length, (¢) the drift-
current density, and (d) the drift current in the case the silicon bar has a cross
sectional area of 0.25um?.
a vedrff = —pE
‘Here negative sign indicates that clectrons
move in a direction oppositeto E

We use
v-diff = —p B
= 350 X - ! - l'm;n = 31}“"’ cm:
2 X 10
Lecture 03 = 6753’( l(jﬁf?m}/&"m 6.75 X fﬂdmfﬁ 10/20/2018 32




Example 6: Drift current, contd.

b. Time taken to cross 2um length

_ distance 2 X 10~

= — = 30
vdrift 6.75 x 104 ps

c. The current density J, is given by

Jn = qnuyE

1
= 1.6 x 10719 x 1016 x X ——— = 1.08 x 10* 2

1.6 X 10 10 1350 X< 10-2 1.08 X 10* A/cm
d. Drift current I,, = J,,A

I, =0.25x 1078 x 1.08 x 10* = 27pA
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2. Diffusion Current

* carrier diffusion — is the flow of charge carriers from area

of high concentration to low concentration.

* It requires non-uniform distribution of carriers.

* diffusion current — is the current flow that results from
diffusion.

Lecture 03 10/20/2018 34




2. Diffusion Current

* Take the following example... - -+, + diffusion occurs

n -
4R

+
+++++] 4
ot

* inject holes — By some unspecified holes

Aok

process, one injects holes in to the @ g

left side of a silicon batr.

® concentration profile arises — ——> Hole diffusion
. . H ]\ ‘Irre

Because of this continuous hole S

inject, a concentration profile

arises. )
concentration

* diffusion occurs — Because of this profile arises

concentration gradient, holes will \

flow from left to right.

Hole concentration, p

=
=Y

(b)
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2. Diffusion Current

* Q: How is diffusion current defined?

J,= current flow density attributed to holes
g= magnitude of the electron charge
D, = diffusion constant of holes (12cm2/s for silicon)

p(x)= hole concentration at point x
. dp / dx= gradient of hole concentration
A\
S

hole diffusion current density: J, =—qD,

dp(x)
ax

Unit: A/cm?

electron diffusion current density: J =+gD, -
X

dn(x)

S

N
J,= current flow density attributed to free electrons

D, = diffusion constant of electrons (35cm2/s for silicon)

n(x)= free electron concentration at point x

Lecture 03 36
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2. Diffusion Current

Observe that a negative (dn/dx) gives rise to a negative current, a result
of the convention that the positive direction of current is taken to be that
of the flow of positive charge (and opposite to that of the flow of

negative charge).
A
—> Electron diffusion .

-<— FElectron current

Electron concentration, n

Lecture 03 0 X 7




Example 7: Diffusion current

* Consider a bar of silicon in which a hole concentration p(x) described

below 1s established.
* Q(a): Find the hole-current density ]p at 5= 0.

* Q(b): Find cutrent I,

* Note the following parameters: p, = 10'°/ 77, L, = 1um,
A = 100un?

p(x)=p,e /"
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Example 7: Diffusion current, contd.

SN dp(X)__ i —Xx/Ly
‘Jp_ qu dx S qu dx[poe ]

D
Jp(O):qL—p p, =192 A/lcm?
P

|, =J,xA=192 LA
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3. Relationship Between D and u?

between diffusion constant

. (D) and mobility (£)? p. D
* A: thermal voltage (1)) y7a - H,
® S ” 1 )
Q: What is this value: known as Einstein
* A:at T=300K, ;= Relationship
259m1”
i
G

Lecture 03
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Summary of Semiconductor currents

" drift current density (/)
= affected by — an electric field (E).
" diffusion current density (/)

= affected by — concentration gradient in free electrons and holes.

A= cross-sectional area of silicon, g= magnitude of the electron charge,
p= concentration of holes, n= concentration of free electrons,
4, = hole mobility, 12, = electron mobility, E= electric field

drift current density: J,.. =J ..+t _0e=alop, +ny, )I:D
dp(x dn(x
diffusion currentdensity: J, . =/ . +J .. =-qD, 2( )4—an d( )
X X

D, = diffusion constant of holes (12cm2/s for silicon), D, = diffusion constant of electrons (35cm2/s for silicon),
p(x)= hole concentration at point x, n(x)= free electron concentration at point x,
dp / dx= gradient of hole concentration, dn/ dx= gradient of free electron concentration

Lecture 03 41
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4. The pn Junction with Open-Circuit Terminals
4.1. Physical Structure

pn junction structure

* p-type semiconductor

* n-type semiconductor -

* metal contact for connection

Metal contact Metal contact
p-type n-type
Sl silicon silicon Cathode

Simplified physical structure of the pnjunction. As the pnjunction implements the

junction diode, its terminals are labeled anode and catho]qg(;m/2018
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4.2. Operation with
Open-Circuit Terminals

* Q: What is state of pz junction with open-circuit terminals?

. * A: Read the below...
* p-type material contains majority of holes

* these holes are neutralized by equal amount of bound negative
charge

* n-type material contains majority of free electrons

* these electrons are neutralized by equal amount of bound
positive charge
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4.2. Operation with Open-Circuit
Terminals

bound charge

* charge of opposite polarity to free electrons / holes of a given material

* neutralizes the electrical charge of these majority carriers

* does not affect concentration gradients

free holes free electrons

positive bound
charges

negative bound
charges

Lecture 03 lb_type ﬁ_type 10 /90 /901Q 44
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4.2. Operation with Open-Circuit
Terminals

* Q: What happens when a pz-junction 1s newly
formed — aka. when the p-type and #-type

semiconductors first touch one another?

* A: See following slides. ..
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Step #1: The p-type and 7-type semiconductors are

joined at the junction.

p-type semiconductor . : n-type semiconductor
junction

filled with holes filled with free electrons

Figure: The pnjunction with no applied voltage (open-circuited terminals).
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Step #2: Diffusion begins. Those free electrons and holes which
are closest to the junction will recombine and, essentially,
eliminate one anothet.

p-type n-type

Figure: The pnjunction with no applied voltage (open-circuited terminals).
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Step #3: The depletion region begins to form — as diffusion
occurs and free electrons recombine with holes.

The depletion region is filled with “uncovered” bound charges — who
have lost the majority carriers to which they were linked.

p-type n-type

Figure: The pnjunction with no applied voltage (open-circuited terminals).
Lecture 03 10/20/2018 48
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Step #4: The “uncovered” bound charges affect a voltage
differential across the depletion region. The magnitude of this |
barrier voltage (17,) differential grows, as diffusion continues. |

No voltage differential exists across regions of the prn-junction
outside of the depletion region because of the neutralizing effect of
positive and negative bound charges.

l l =

barrier voltage
(V)

voltage potential

location (x)

ecture 03 10/20/2018 49

. T ST



Step #5: The barrier voltage (1/) is an electric field whose
polarity opposes the direction of diffusion current (/). As the
magnitude of 17, increases, the magnitude of I, decreases.

diffusion current drift current

p-type n-type
Figure: The pnjunction with no applied voltage (open-circuited terminals).
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Step #6: Equilibrium is reached, and diffusion ceases, once the
magnitudes of diffusion and drift currents equal one another —
resulting in no net flow.

Once equilibrium is achieved, no net current flow exists (/.= /,— /)

n

within the pr-junction while under open-circuit condition.

depletion n-type
region
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4.2. Operation with Open-Circuit Terminals

* pn-junction built-in voltage
(17,) — 1s the equilibrium value of

barrier voltage. V= barrier voltage

) ) V; = thermal voltage
* It is defined to the rlght. N, = acceptor doping concentration
N, = donor doping concentration
n;= concentration of free electrons...

* Generally, it takes on a value

...in intrinsic semiconductor
between 0.6 and 0.9 for silicon at '
room temperature. N,N,
| o Vo =ViIn| —
* 'This voltage 1s applied across n.
depletion region, not terminals of
pn junction.
* Power cannot be drawn from 1/,
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Report 1

Prove that the pn - junction built - in voltage is given by

V, =V, In(NAL\IDJ
n.

it can be derived from the equality of drift current and diffusion current at equibrium
. electron drift current = electron diffusion current

Lecture 03 53
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The Drift Current [, and Equilibrium |

* In addition to majority-carrier diffusion current (1), a component

of current due to minority carrier drift exists (/).

. * Specifically, some of the thermally generated holes in the p-type and

n-type materials move toward and reach the edge of the depletion

region.

* Therefore, they experience the electric field (1)) in the depletion
region and are swept across it.

* Unlike diffusion current, the polarity of 17, reinforces this drift
current.
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4.2. Operation with Open-Circuit
Terminals

* Because these holes and free electrons are produced by thermal

energy, [, is heavily dependent on temperature .

Any depletion-layer voltage, regardless of how small, will cause
the transition across junction. Therefore I is independent of [,

* drift current (/) — is the movement of these minority carriers.

* aka. electrons from p-side to #-side of the junction

Lecture 03 10/20/2018 55
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Note that the magnitude of drift current (I) 1s
unaffected by level of diffusion and / or ;. It will be,
however, affected by temperature.

diffusion current drift current

Figure: The pnjunction with no applied voltage (open-circuited terminals).
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* Q: How is the charge
stored in both sides of the
depletion region defined?

4.2. Operation with Open-Circuit Terminals

Q , |= magnitude of charghe on n-side of junction
g= magnitude of electric charge
A= cross-sectional area of junction
X, = penetration of depletion region into n-side
N,= concentration of donor atoms

Q.|=qgAx N
® A: Referto equations ‘ +‘ aanhe |
to right. Note that
these values should
=qgAx N
equal one another. o ‘Q‘ HEdolts

|Q_|: magnitude of charghe on n-side of junction
g= magnitude of electric charge
A= cross-sectional area of junction

X, = penetration of depletion region into p-side
Lecture 03
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4.2. Operation with Open-Circuit Terminals

* Q: What information can be derived from this equality?

* A: In reality, the depletion region exists almost entirely
on one side of the pn-junction — due to great disparity
between N , > N,

N
gAx N, =qAx,N, — S
Np
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4.2. Operation with Open-Circuit Terminals

W= width of depletion region
& = electrical permiability of silicon (11.7&,=1.04E-12F / cm) |
g= magnitude of electron charge E
N ,= concentration of acceptor atoms |
Np = concentration of donor atoms

V= barrier / junction built-in voltage
A

. W=x,+x,=
* Note that both X,

and x, may be X =W N,

defined in terms of N,+N,

the depletion region

width (IF).

ND
Lecture 03 X PN W 59
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4.2. Operation with Open-Circuit
Terminals

* Q: What has been learned about the pz-junction?

* A: composition

* The pn junction is composed of two silicon-based
semiconductors, one doped to be p-type and the other 7-

BiRe.
* A: majority carriers
* Are generated by doping.

* Holes are present on p-side, free electrons are

present on #-side.
Lecture 03 10/20/2018 61
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3.4.2. Operation with Open-Circuit
Terminals

* Q: What has been learned about the pz-junction?

* A: bound charges .
* Charge of majority carriers are neutralized

electrically by bound charges.

* A: diffusion current I,

* Those majority carriers close to the junction
will diffuse across, resulting in their
elimination.
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4.2. Operation with Open-Circuit
Terminals

* Q: What has been learned about the pn-junction?

* A: depletion region

* As these carriers disappear, they release bound
charges and effect a voltage differential 1,

* A: depletion-layer voltage

* As diffusion continues, the depletion layer
voltage (1)) grows, making diffusion more
difficult and eventually bringing it to halt.
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4.2. Operation with Open-Circuit
Terminals

* Q: What has been learned about the pn-junction?

* A: minority carriers

* Are generated thermally. .

* Free electrons are present on p-side, holes are present on
n-side.

* A: drift current I

* The depletion-layer voltage (1) facilitates the flow of
minority carriers to opposite side.

* A: open circuit equilibrium [, = I

Lecture 03 10/20/2018 64
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5. The pn Junction with an Applied Voltage
5.1. Qualitative Description of Junction Operation

* Figure to right shows pn-

junction under three -

conditions:

* (a) open-circuit — where a
barrier voltage 1/, exists.

® <b> reverse bias e Where a (a) Open-circuit (b) Reverse Bias (c¢) Forward Bias

(Equilibrium)

dc voltage 7 is applied. Figure 11: The pnjunction in: (a)
equilibrium; (b) reverse bias; (c)

* (c) forward bias — where a :
forward bias.

dc voltage ;. is applied.

Lecture 03 10/20/2018 65
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1) no voltage 1) negative voltage 1) positive voltage

applied applied applied
2) voltage differential 2) voltage differential 2) voltage differential
across depletion zone across depletion zone across depletion zone
is 1 is I+ Vj is 1 -V,
3) /,= s 3) /,< /s 3) /1,> /g
e | e
v 7
o o | I
ll Il
//) _— //)—> I/)
[{ «<—— [q —— [{ «—— o
p 7 p 7 p 7 Bias

Lecture 03
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5.1. Qualitative Description of Junction

Operation
' ' electron
hole depletion region /
N | : Y
B - - + 1+ + +
anode e R cathode
B B i + 0+ + 4+
,m.:‘- - = ! - -- i + . + +
7 ] I* i
Lecture 03 T -
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5.1. Qualitative Description of Junction

Operation
* reverse bias case * forward bias case {
* the externally applied voltage 1" * the externally applied voltage |
adds to the barrier voltage 1 subtracts from the barrier voltage
. . . |4
° ...increase effective barrier
. . . ° L tfecti 1
* this reduces rate of diffusion, decrease effective barrier
reducing [}, * this increases rate of diffusion,

© if 7> 117, I, will fall to 0.4 increasing [

* the drift current I is unaffected, but

* the drift current I is unaffected,
dependent on temperature

but dependent on temperature

* result is that p# junction will

* resultis that p# junction will N
v conduct significant current [}, - [

conduct small drift current [

minimal current flows in reverse- significant current flows in
bias case forward-bias case
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FOI’W&I’d—BIaS Case W= width of depletion region ,
&= electrical permiability of silicon (11.7&,=1.04E-12F /cm) x

g= magnitude of electron charge {

N, = concentration of acceptor atoms

* (Observe that decreased barrier Np = concentration of donor atoms
X ¢ V,= barrier / junction built-in voltage
VOltﬂge Wﬂl be accompamed Vp = externally applied forward-bias voltage
byrsa s .
e 1
R S
® (1) decrease in stored W=x,+x,= + (V, —=V.)
uncovered charge on both qg \N, N, s
: : : replace V,
sides of junction V with Ve v/
* (2) smaller depletion region
* Width of depletion region N N
A N A "D
shown to right. Q =A 269 —— |V, - V)
NGRS
action:
replace V,
with V-V
Q, = magnitude of charge stored on either side of depletion region
Lecture 03 69
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Reverse-Bias Case

Observe that increased
barrier voltage will be
accompanied by...

W= width of depletion region

&g = electrical permiability of silicon (11.7¢,=1.04E-12F / cm) E

g= magnitude of electron charge
N, = concentration of acceptor atoms
Np= concentration of donor atoms
V,= barrier / junction built-in voltage
V= externally applied reverse-bias voltage

* (1) increase in stored
uncovered charge on
both sides of junction

* (2) wider depletion
region

* Width of depletion region
shown to right.

o

Lecture 03

2&opa
W=x,+x,= + (V, +V.)
q NA ND action:
V replace .Vo
with Vy+V,
N,N
Q =A [2¢.q] —2—=— |(V, +V,)
%/_J

A D

action:
replace V,
with Vy+V,

J

o
Q,= magnitude of charge stored on either side of depl

etion region
70
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Reverse Biased Diode’s Application: Voltage-
Dependent Capacitor
e -
n VR'1 n VR2
— _'_("_")@@@@@"'

- 8% gg}}} - - 000000+ +
_I:-:-_- gg 88+:+:+:|_ _I T gg% ggg I+++I_
- Te®i00] + T4 . - [ {OOB000] '+ +

\ H H ?

L
| ot
L

T -
I

V2 > Vg1

(a) ()
The PN junction can be viewed as a capacitor. By varying Vg, the
depletion width changes, changing its capacitance value; therefore, the

PN junction is actually a voltage-dependent capacitor.
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Constder a pn junction in equilibrium at room temperature (I = 300 K) for which the doping concen-
trations are NL = 10"%em” and Np = 10"/cm’ and the cross-sectional area 4 = 10~ em’. Calculate
Py Moge My Poge Vo W X, X, and Q; Use n; = 1.5x 10"em’

Solution
Pp=N, = 10" em™
2 2 _ 10, 2
ny= et - USXIO P 5955107 e
2opp Ny 10
fy = Np= 10" cm™
2 2 10,2
n; n; =
e Q2x10 ) 525 10* e
A D 10
NN
b= Vy ]ﬂ[%]
n‘. -
where
. _ RT_ 8.62x107 %300 (eV)
T~ ¢ g (e)
= 250x107° V
Thus, i 18 1
Vo= 259% 1{1"1:{1[';”,,2]
225x%10°
Lecture 03 = 0814V -




P B D |
To determune W we use Eq. (3.26): W=x,+x, :\/ q [—+—]Vo

W =

| -12
(2x1.04x10 1 1
[ 18 * ]

| -
N 16x107° ‘10 10"

= 327%x 107 em= 0.327 um

To determine x,, and x, we use Eq. (3.27) and (3.28). respectively:

o
I" B ‘;"lrr__! +J1|ETD
10
= 0327—;— = 0.324 um
107 +10
Np
| %= Wy aN,
N,N 16
) =|Q.| Q[NAWJ = 0327 —; = 0.003 pm
Finally, to determune the charge stored on either side of the depletion region, we use Eq. (3.29)
T 16Y
0;= 107 x 16 x 107 DX | 0.327 x 107
107 + 107
= 518x107° C=5.18pC
Lecture 03 73
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5.2. The Current-Voltage Relationship of
the Junction

* Q: What happens, exactly, when a forward-bias
voltage (1) 1s applied to the pn-junction?

* step #1: Initially, a small forward-bias voltage .
(1) 1s applied. It, because of its polarity, |
pushes majority carriers (holes in p-region
and electrons in #-region) toward the junction
and reduces width of the depletion zone.

* Note, however, that this force i1s opposed
by the built-in voltage (1/).
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step #1: Initially, a small forward-bias voltage (1) is applied. It, because
of its polarity, pushes majority (holes in p-region and electrons in #-
region) toward the junction and reduces width of the depletion zone.

Ve

Tl

Note that, in this figure, the smaller circles represent minority
I carriers and not bound charges — which are not considered here. I
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Figure: The pnjunction with applied voltage.



step #2: As the magnitude of 17 increases, the depletion zone
becomes thin enough such that the barrier voltage (1, — Ip)
cannot stop diffusion current — as described 1n previous slides.

Ve

N-type
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Figure: The pnjunction with applied voltage.



step #3: Majority carriers (free electrons in 7-region and holes
in p-region) cross the junction and become minority charge
carriers in the near-neutral region.

diffusion drift
current (/) current (/)

P-type N-type
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Figure: The pnjunction with applied voltage.



step #4: The concentration of minority charge carriers increases on
either side of the junction. A steady-state gradient is reached as rate of
majority carriers crossing the junction equals that of recombination.

Ve
+ |

For the open-circuit condition, minority carriers are evenly
distributed throughout the non-depletion regions. This
concentration is defined as either n,, or p,,.

minority carri
concentratiol

P-type lacation () N-type
Figure:The pnjunction with no applied voltage (open-circuited
terminals).




carrier
ation

;ﬂ;.

minor
conc

step #4: The concentration of minority charge carriers increases on
either side of the junction. A steady-state gradient 1s reached as rate of
majority carriers crossing the junction equals that of recombination.

Ve




step #5+: Diffusion current 1s maintained — in spite low diffusion

lengths (e.g. microns) and recombination — by constant flow of

both free electrons and holes towards the ju

recombination

P-type N-type
Lectuse 03 Figure: The pnjunction with applied voltage.
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PN 1junction Characteristics

Conduction band

. Valence band

When we bring P-type & N-type together a
depletion zone is created around the junction
This produces a barrier, blocking charge flow.

Lecture 03
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5.2. The Current-Voltage Relationship of the

Junction

* Q: For forward-biased case, how is diffusion current (1)
defined?

= -
[=| Agn’| ——+— | (""" - 1) =1 (""" —1)
LWy

\. =
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5.2. The Current-Voltage Relationship of the

Junction
I=1(e"" —1)

® saturation current (/) —
1s the maximum reverse

current which will flow

through pz-junction.

* It is proportional to

cross-section of
junction (A).

R
A

e Typical value is 10144 Figure 13: The pn junction /-V

characteristic.
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Example 6: pz-Junction

* Consider a forward-biased pz junction conducting a current of [ =

0.1724 with following parameters:

* N, =10"%/ow’, Np = 10"/ cn’, A = 104w, m; = 1.5€'0/ enr’, L, =
Sum, L, = 10um, D, (n-region) = 10en°/s, D, (p-region) = 18en*/ s

* Q(a): Calculate I;.
* Q(b): Calculate the forward bias voltage (1).

* Q(c): Component of current I due to hole injection and electron
injection across the junction.
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@ I = Agnt| 224 2
a — N +
’ 1 LPND Ln*ﬁ'{i

I = 10 % 1.6x 107 % (1.5 % 10'%) x

[ 10 N 18 ]
5%x107%x10"° 10x10*x 10"

= 73x107 A
(b) In the forward direction.
ViV,
I=Ife '—1)
_ SEFHFI
Thus,
I
V- m[—
T IEJ
For7=0.1 mA.
-3
¥ = 25.0% 107 m[ B ml_]
73x107"
Lecture 03 = ﬂ]_ﬁﬂﬂ- 1!-.."




(c) The hole-injection component of I can be found using Eq. (3.37)
D V/V.
P
L= A'&"L— Puole  "-1)
P |
D, n. wv
_ gg—L L T |
— AqLP ND(E - 1) |
Similarly I, can be found using Eq. (3.39).
D, un; w1 .
I, = Ag— —(e "-1)
" Lu NA
Thus,
=@
I, D,/\L,/\Np,

For our case.
L _10 10 107

I, 18 5 gl

n

= 1.11x10° = 111

Thus most of the current is conducted by holes injected info the n region.

Specifically.
_ 111 B
I,= 112)(0.1_ 0.0991 mA
1
I, = llzx{}'l_ 0.0009 mA

Thikestased? to reason. since the p material has a doping concentration 100 times that of the n material. 86
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5.3 Reverse Breakdown

PN JUNCTION BREAKDOWN CHARACTERISTICS
A
-+ 7
r 6
r 5 ,
|
FORWARD 4
CURRENT
(MILLI AMPERES) 13
+ 2
REVERSE BIAS
(voLrs) 41
or & 2 © @ 2 1 . 2 2
T i23456709 i
EE——
FORWARD BIAS

11

12 (voLts)
13

REVERS CURRENT
(MICRO AMPERES) la

15
www.CircuitsToday.com
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/Z.ener breakdown |

* The electric field in the depletion layer increases to cause breaking
covalent bonds and generating electron-hole pairs.

* The electrons generated in this way will be swept by the electric field
into the n side and the holes into the p side. Thus these electrons and
holes constitute a reverse current across the junction.

* Once the zener effect starts (Vg=5V), a large number of carriers can
be generated, with a negligible increase in the junction voltage. Thus
the reverse current in the breakdown region will be large and its value
must be determined by the external circuit.

* the reverse voltage appearing between the diode terminals will remain
close to the specified breakdown voltage V...

Lecture 03 10/20/2018 88
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Avalanche breakdown |

* The minority carriers that cross the depletion region under the
influence of the electric field gain sufficient kinetic energy to be

. able to break covalent bonds in atoms with which they collide.

The carriers liberated by this process may have sufficiently high
energy to be able to cause other carriers to be liberated in another
ionizing collision.

* This process keeps repeating in the fashion of an avalanche, with
the result that many carriers are created that are able to support any
value of reverse current, as determined by the external circuit, with
a negligible change in the voltage drop across the junction.
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5.3 Reverse Breakdown

* The maximum reverse-bias potential that can be
applied before entering the breakdown region is
called the peak inverse voltage (referred to simply as

the PIV rating) or the peak reverse voltage (denoted
the PRV rating).

Lecture 03 10/20/2018 90




6. Capacitive Effects in the pn
Junction

1. Depletion or Junction Capacitance

When a pz junction 1s reverse biased
Elj':'

Cj:

II"-EF'IE" I_.-' ‘?0"?' 30"?' 1| I_f 1 "
14 Ve Where c, =4 |[=2) 2 Y 1)
_-1"1 + 'f_’n Jl J'.‘I |_x 7/ I‘“}"'F_-l + J-'"r_p- J "HFD !

2. Diffusion Capacitance

When a pz junction is forward biased

T, TrIS the mean transit time of the junction.
Ca= [V_T) ! /is the forward-bias current.
Lecture 03 10/20/2018 91
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6. Capacitive Effects in the pn
Junction

* junction capacitance:
v" due to the dipole in the transition region (associated with the charge

stored in the depletion region). .
v" Also called transition region capacitance or depletion layer capacitance.

v/ Dominates under reverse bias conditions.

* Charge storage (Diffusion) capacitance:

v’ associated with the minority carrier charge stored in the n and p materials
as a result of the concentration profiles established by carrier injection.

v" Also referred to as diffusion capacitance.
v" Dominant when the junction is forward biased.
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Summary of Important Equations

Values of Constants and Parameters

Quantity Relationship (for Intrinsic 51 at 7= 300 K)
Carrier concentration in _ Bp° -E/2ET B = 73x10"%em~ K"
intrinsic silicon (cm) " = ¢ E,= 112eV

£ .
F=862x10"eVK

n, = 1.5 % 10"%em’

Diffusion current _ dp -1 '
density (A/em?) Jp=—-qD, o g = 160 :-:110 coulomb |
D, =12cm'/s '
- gD 9n 7 .
T = 4Dy D, = 34 cm'/s
Drift current density Jain = QP + N, )E Ly = 480 em” (Vs
(Aemr) i, = 1350 cm” /V-s
Besistivity (£1-cm) g =1/] q{p;fp +n,) | H, and g, decrease with the increase
n doping concentration
Felationship between D, D, 7 v =kI/g =258 mV
mobility and diffusivity E - i, - 'r
Carrier concentration in My = Np

n-type silicon {cm— ) J Hf;"’g‘\rﬂ

Carrier concentration in Ppo = Ny
it - P
p-type silicon {cm-* ) ny = m/N,
Junction built-in Voo T ]ﬂ[}-{{}-.fﬂ
voltage (V) o= fr ?r-:
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Summary of Important Equations

Junction built-in i , NNy
voltage (V) Vo = IT]I[( 2 J
Width of depletion Y, Ny
region {cm) r. N
L £ = 117g
W=rox+x, - 1
- g, = 8854 x10 " Flem
= ||£(l+Lﬁ[ o+ Vgl
T W g \N, :»5:,)' PR
Charge stored in depletion 0. - a2l
layer (coulomb) =7 N,+Np
Forward current (A) I=I0+1I
) D FiT,
I, = Agn;=—(e "_1)
- L_ﬂ" D
D F/T.
I, = Agn;—2(e "_1)
LnNy
2( DP Di‘! 3
Saturati t (A = - TN
aturation current (A) I. = Agn; &L_u}"ﬂ LEN_{_J
LT’ Relationship I=1I"""-1)
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Summary (1)

* Today’s microelectronics technology 1s almost entirely
based on the semiconductor silicon. If a circuit is to be
. fabricated as a monolithic integrated circuit (IC), it is
made using a single silicon crystal, no matter how large
the circuit is.

* Ina crystal of intrinsic or pure silicon, the atoms are held
in position by covalent bonds. At very low temperatures,
all the bonds are intact; No charge carriers are available to
conduct current. As such, at these low temperatures,
silicone acts as an insulatot.
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Summary (2)

* At room temperature, thermal energy causes some
of the covalent bonds to break, thus generating free

electrpr;s and holes that become available to conduct
electricity.

* Current in semiconductors is carried by free
electrons and holes. Their numbers are equal and
relatively small 1n intrinsic silicon.

* The conductivity of silicon may be increased
drastically by introducing small amounts of
appropriate impurity materials into the silicon crystal
— via process called doping.
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Summary (3)

* There are two kinds of doped semiconductor: #-type in
which electrons are abundant, p-type in which holes are

. abundant.
* There are two mechanisms for the transport of charge

carriers in a semiconductor: drift and diffusion.

* Carrier drift results when an electric field (F) is applied
across a piece of silicon. The electric field accelerates the
holes in the direction of E and electrons oppositely.
These two currents sum to produce drift current in the
direction of E.
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Summary (4)

* Carrier diffusion occurs when the concentration of
charge carriers is made higher in one part of a silicon |
crystal than others. To establish a steady-state .
diffusion current, a carrier concentration must be
maintained in the silicon crystal.

* A basic semiconductor structure is the pz-junction.
It is fabricated in a silicon crystal by creating a p-
region In proximity to an #-region. The pr-junction
is a diode and plays a dominant role in the structure
and operation of transistors.
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Summary (5)

* When the terminals of the pz-junction are left open, no

current flows externally. However, two equal and opposite
. currents (I, and I,) flow across the junction. Equilibrium
is maintained by a built-in voltage (17,). Note, however,
that the voltage across an open junction is 017 since 17, 1s
cancelled by potentials appearing at the metal-to-
semiconductor connection interfaces.

* The voltage 17, appears across the depletion region, which
extends on both sides of the junction.
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Summary (0)

* The drift current I is carried by thermally generated
minority electrons in the p-material that are swept across |
. the depletion region into the n-side. The opposite occurs .
in the z-material. I tlows from 7 to p, in the reverse
direction of the junction. Its value is a strong function of
temperature, but independent of 1,

* Porward biasing of the pz-junction, that is applying an
external voltage that makes p more positive than #, reduces
the barrier voltage to [/, - " and results in an exponential
increase in I, (while I, remains unchanged).
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