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SEMICONDUCTOR
DEVICE PHYSICS

1.1. Introduction

1.1.1. Energy Gap

Difference between the lower energy level of conduction band E; and upper energy level of valence band E..

[Eq =Eg, —B,T eV
Where, Ego = Energy Gap at 0K
Ec = Energy Gap at T = TK E;
Bo = Material constant (eV/K) T

T = Temperature in Kelvin

Energy Gap decrease with increase in the temperature i.e. |Eg oc

Temp

For Si Energy Gap is |E, =1.21-3.6x10*T

For Ge Energy Gap is |E ;) =0.785~ 2.23x10°°T

1.1.2. Conductivity

e The current carrying capacity of any material is defined as its conductivity.

It is the reciprocal of resistivity Unit :— i — E

Qcm cm

Conductivity denotes current carrying capacity of material or device

| Conductivity = carrier conc. x charge x mobility |

Conductivity depends on carrier conc, charge and mobility.

For metal :—

In metal conductivity decrease with increase in temperature.

In metals as temperature increase, mobility of charge carrier decrease and therefor conductivity decreases.
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For semiconductor : G =Nqu, + P,

e Insemiconductor, conductivity increases with increase in temperature.
e Inasemiconductor, conductivity mainly depends on carrier concentration.

e Semiconductor means by default it is intrinsic semiconductor

1.1.3. Effective Mass

e  The effective mass is a quantity that is used to simplify band structure by modeling the behavior of a free particle with
the mass.

e  Effective mass takes into account the particle mass & also effects due to internal forces

e  Consider an electron in an atom

Fuotat = Fy + Ferna | Where,
Fext =m=*a

and Ftemal is due to scattering of charges in the structure
e  The effective mass is parameter that relates the quantum mechanism results to the classical force equation

1L d%E 261

RdK2 h?2 m*

Where, 71, is plank’s constant

K is wave number
Ci, is constant
m* is effective mass

e Higher the energy lower will be the effective mass

E
E.
K
E Heavy hole
E Light band
= hole band
A .
Split-off band
k=0 K

Where,  mp* = effective mass of hole
_ (32 | 32}
mp* = (m,p +Mmy, )
mlp = effective mass of light hole
mnp = effective mass of heavy hole
ForSi: mlp=0.16 mg, mnp = 0.49 mg
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1.1.3. Energy Band Diagrams

Conductors:
e All metals are very good conductors of current so they allow high flow of current through them.
e Inmetal current is only due to electrons i.e. metals are unipolar
e In metals free electron conc is independent of temperature
Where CB = conduction Band and
VB = valance Band

e At300K:

CB
Over lapping
of VB & CB

VB

e When temperature is increased then over lapping of CB & VB also increase but there is free carrier concentration
available in CB. Hence conductors have Finite amount of conductivity at 300K.

e Insemiconductor, the energy gap is small i.e., Ec — 0.7eV to 1.5eV

e At T =0K free carrier conc. are zero there by conduction band is empty hence conductivity is zero.

CB Empty
Ef |
E. } Forbidden
‘' VB
e All semiconductors are insulators at OK.
e At T =300 K, some covalent bonds are broken & free carriers are generated in CB & holes in VB. e

L 2CBLlse

So, semiconductor has finite amount of conductivity at T = 300 K.

E. i hole

¢ temp VB

e  Common semiconductor elements are Si, Ge
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1.3.4. Insulator

Due to larger energy gap insulator requires high energy to produce conductivity.
EG required is larger
For ideal insulator conductivity (o) is zero

CB Empty

VB

1.3.5. Mobility : (u)

Moving ability of the charge carriers is called as mobility

Vd

W -

where , V, = drift velocity
And E = field intensity

Unit of p = cm?V sec
e~ mobility p, = 3800 cm?/ V sec for Ge
1300 cm?/ V sec for Si
Hole mobility p, = 1800cm? / V sec for Ge

500 cm?/ V sec for Si

e- mobility is always greater then hole mobility so e™'s can travel faster.
Variation of Mobility w.r.t temperature:

Impurity scattering takes place till 300 K due to which carriers are generated and the

carrier starts moving then drift velocity increases due to which mobility increases.

Lattice scattering takes place at temp larger than 300 K. In which no. of collisions in e~

s generated increases & relaxation time decrease due to which mobility decreases.

In general {poc T

In Ge, m=1.66 fore~ and m = 2.33 for hole
In Si. m=25foree and m=2.7 forhole

Variation of drift velocity w.r.t E - field -

T =300 ) T&)

Impurity Lattice
Scattering  Scattering

Here Vq (drift velocity) increases linearly then sublinearly then enters into saturation region.
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Vi (cm/s)
Sub linear
Region
Linear ‘l’ T
Region / :
1 “— Saturation
: . Region
— > E (V/cm
10% 104 ( )
e  Variation of mobility w.r.t E field :
‘N . B L
W (em'/V sec) ;‘Luc\/y
:Meditunw‘
' ' Large
‘ ‘ E (Viem)
10° 10 107
e For small field Region:  Et — Vd? (linearly)
tVa= uET
[ = constant

Mobility for charge carriers will remain constant

Drift velocity linearly increases with the field (E)

TV, =plET

For medium field region drift velocity (Vd) increases sublinearly and mobility decreases slowly

For high field region drift velocity (Vd) remain constant and mobility decreases as increase of electric field intensity.

Constant —

V, =L T

1.3.6. Electric field along the length of SC bar :-

x=0 x={

|
1 T
\'
If length of semiconductor bar is ¢ and applying voltage V then,

e

v
(

Vi

And E=
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e The rate of flow of charge is called current.

&
dt X

where, N — no. of charge carrier per unit volume (carrier conc)

Vg — drift velocity
g = charge
A = Area

1.3.7. Variation of Conductivity w.r.t Temperature

e  The carrier conc is independent of temp but generally mobility decreases with increase in temp. so conductivity
decreases.

TT —>u¢
Tl |

e Insemiconductor as temperature increases, then free e~ concentration in CB & hole conc in VB fes by large amount and
mobility of e~ & holes decreases wrt temperature by smaller amount. Thus overall the conductivity of SC increases with
increases in temperature.

To=Tnau,+T pou,

1.3.8. Resistivity : p(Q2 - m)

e Itisthe ability of material to resist the current that passes through it.

1
e For metal : p=——mo

- nq,

1

e For semiconductors p=———
ngu, + pau,

Resistance : (R) R=p

1
A

Where, p = Resistivity
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Areca of
Cross section

e For metal : As increases of temp mobility decreases and Resistivity increases thus overall Resistance increases.

e For semiconductor : As increases of temp carrier concentration increases and mobility decreases thus overall resistance
decreases.

1.2. Carrier Transport Phenomenon

1.2.1. Drift

e The migration of charge carrier under the influence of external forces which is electric field intensity is called as drift.
e Driftis not natural, It always requires external force.

e The migration of charge carrier from their higher concentration to lower concentration is called diffusion.
e Itis natural process no needs of external forces.
e It occurs due to the concentration gradient.

e  For metal :— In metal drift current density in only due to e7s
e  For semiconductor :— In SC drift current density is due to both electrons as well as concentration of holes
g =na,E + pouE|
Where, n =no. of electrons present per cubic meter

p = no. of holes present per cubic meter
g = charge

e The diffusion current density depends on diffusion constant or diffusivity
e  Diffusion current flows only in semiconductors.
e ¢ diffusion current density

e o dn . i
where Dn = e diffusivity and ™ = concentration gradient of e

dn 2
J,=+qD,—|A/cm
n=70 N ix
e Hole diffusion current density
dp 2
Jo =—qu&A/cm

Where D, = hole diffusivity
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dp
dx

and = conc gradient of hole

e  The total current density in a semiconductor

EERREAL

Where Jn =Jn (Diff) + Jn (Drift)

J, =qD, @+nqunE Alcm?
X

3, = Jp(drift) + Jo(Diff)

d
J,= pqppE—qud—s Alcm?

1.2.2. Einstein's Relation

e It states that the ratio of diffusivity & mobility at a particular temp is always constant

— = constant
il
Dy
1l
where VT = thermal voltage
Wl i Volts
11600

where T is temperature, at room temperature, V1 = 25.8mV = 26 mV

1.3. Mass Action Law

It states that, In a semiconductor under thermal equilibrium the product of electrons and holes will be always constant and is

given by square of intrinsic concentration.

np=n

e This law is mainly used to calculate minority carrier conc.

For n-type semiconductor For t-type semiconductor

n’

pn:_I ﬂpz_I
n, pp

Where, nn=> majority carrier are e-s
pp = majority carrier are holes
pn = minority carrier are holes

np = minority carrier are e’s

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.8
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It is the conc. available in the pure semiconductor at a given temperature

n ZMQ_EGO/ZKT

Intrinsic concentration in a semiconductor depends on
(i) Temperature

(i) Energy Gap

In Ge intrinsic concentration is more as compare Si due to smaller energy gap at zero kelvin
For Ge, ni = 2.5 x 10%%/cm®

For Si, ni=1.5x 10/ cm?

(i) Elemental & compounded type SC
(ii) Direct & Indirect band gap SC
(iii) Intrinsic & Extrinsic SC

1.3.1. Recombination

In which an e- after loosing its energy is migrated from conduction band to valence band & acquires a vacancy
(hole) in a broken covalent bond & the covalent bond is reformed. This process is called Recombination.

It is the average lifetime of the charge carriers.

[t is the average time taken from generation to recombination.
[tis two types:

(i) e carrier life time

(ii) hole carrier life time

In Indirect bandgap SC, during recombination most of the energy is released in the form of heat because of
collision of e-s to each others.

In direct band gap SC, during the migration, the value of K is fixed so no. of collision with another e- is very small,
so most of energy released in the form of light.

CB

CB °

* ! Unstable

‘." AN nght v A~~~ Heat

: e CNeTgy [ i i S cnergy

' L} 1

* -4 Stable
VB VB

Direct BG SC Indirect BG SC
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1.3.2. Intrinsic & Extrinsic SC

Intrnsic SC

e Also known as pure semiconductor or natural semiconductor or non-degenerate semiconductor
e The maximum no. of valency e-s are 8

'
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¢ ° *
S~ - - S - e

' \ 1] \

' \ ] "

' [ ' '

l.| l.l

1 l | [

' i
' '

|.J !.’

' [ ' 1

' ' ' I
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\ v L = o
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] \ 1 \
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e Inone covalent bond there will be two valency electron

e AtOkall valency e’s are imperfect covalent bonding

e Intrinsic semiconductor will act as insulator at Ok.

|
|
[

f \
] L4 '
) '
' [

CB —+F> Empty

VB — Filled

Free ¢
o0
CB

¢
2

Hole
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and hole will remains in the valency band.

° For intrinsic semiconductor

e Variation in intrinsic concentration w.r.t temperature :—

dn, 1( E. 3)
—== += |n,
dT T\(2KT 2

For Ge at 300 K

N _ 0,076 n, at 300K

a7

%I ~7.6% of n 300K
300K

When a covalent bond is broken, it will give one e- & hole (e~ will be jump from VB to CB) and because a free e-

(approx.) for 1° rising temp

Note: In Si, nj increases approximately 8% for 1° rising temp at 300K, As well as the conductivity increases by 8%

o, =ng(p, +u, )[O/em

e  With increases of temperature intrinsic conductivity will also increases

o, ool
It is reciprocal of intrinsic conductivity
1
PG
G;
p=—r T —locm
niq I:Mn + “‘p]

Generation of e~ hole pair :
e The creation of e hole pair by Breaking of covalent bond is called generation of EHP (e— - hole pair)

Recombination :

e  Pairing of free e— with hole is called as recombination

e  During Recombination the free e—s holes will be lost in pair and covalent bond is created
Carrier life time :

e Itisthe avg lifetime of the charge carriers.

e Itisthe avg time taken from generation to recombination.

Doping :

e  The process of adding impurities to the semiconductor is called doping

e Doping increases the carrier concentration and therefore increases the conductivity

e For an tetravalent atom, there are two types of dopants available

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK
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(i) Trivalent dopants : (B, Al, Ga, In) — Valency — 3
(ii) Pentavalent dopants : (P, As, Sn, Bi) — Valency — 5

Standard Doping concentration : e
(i) Moderate Doping — 1 : [10°t0 108] - P N ‘
R —
(i) Lightly Doped — 1: 10" — P~ N~ — %
—s
(i) Highly/Heavily doped — 1: 10° — P* N* —E
e  Ahighly doped SC with 1 : 10% doping is called degenerate SC. I adistance x
mpurity
¢ Non-degenerate SC means moderately doped SC Profile
(Doping)

e  The impurity atoms are added to SC are called dopants or impurity profiles

1.3.4. Extrinsic SC

(i) n-type SC
e  When pentavalent impurities or donor type impurities are added in the pure SC then it is called as n-type SC
At T=0K

l. |.I |.,
\ ' \ ] [} )
' . ' ’
e === — ~S e == SR | N = [P

’ \ ’ \

. ' ' \ ' v
I \ 1 \

e , L

| ' | ! H .

1

P b ol e | Excess electron

R ONOIOR O = © SO N

Donor energy

e ! : ® : :' ® | I)EFGO level (El-‘)
Lo ‘e e :
.‘ , l‘ , : ' VB —> Fill

L [ I '@

] ]
1 ' ' !
' ' 1 ' | '
' ! | !

e DONOR energy level is a discrete energy level which is created Just below the conduction band.

e At OK, the fifth e- of all the impurity atom will be existing in the donor energy level

e N-type semiconductor at OK will be working as a insulator

5 e~ = 5 x 10% atoms/cm?® x —
10

=5 x 10" atoms/cm?® (for Si)
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At T =300 K
o0
CB e
[ ] [ ]
EGaoo
© Fill
VB
oo hole

e Astemperature increases from (0 to 300K) because of that Donor level ionization the 5" e— will be moving from donor
energy level into CB and they become free e— and at the same time because of temp large no. of covalent bonds will be
broken and (EHP) are generated.

e It overall results in larger e— concentration in CB & hole concentration in VB & the S.C will have finite amount of
conductivity

For n-type SC,NA=0

n+Na=p +Np

For, n-type SC

n:
Where p=——
ND
Np ++NZ +4n?
Hence, =D D :
2
e  Conductivity - c=on+0p

G = Ngun + Pup

op is very small for n-type

If Np is very large

(ii) p-type semi-conductor :

e  When trivalent impurities are added into the pure SC then the SC will become p-type

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.13
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AtT=0K
CB
Accepter
Energy—E, loooo - - -
level
VB

e Acceptor energy level is a discreate energy level created Just above the valence band.
e  Acceptor energy level denotes energy level of all the trivalent atoms added to the pure semiconductor.
e  P-type semiconductor at OK will be work as a insulator.

At T =300 K

Ec

-/G OO—OGX

\ oooo0 ¥/
0000

Ey

e At 300K Acceptor level ionization takes place & some covalent bonds are broken therefore, there is finite free e~
concentration in CB & hole concentration in the VB so SC will have finite conductivity at 300 K
For p-type SC:—Np =0
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Where n= .
P
N, ++/N2 +4n?
Hence, =—A A
2
e Conductivity : 6=0,+0,
Where onis very small for p-type SC
c=0,
G = pau,

c= NAqup o oc doping concentration

Note : Minimum conductivity of extrinsic SC, |c,., =2qn,, h’lp”’n

It is defined as the ratio of total no. of dopant atoms & total no. of atoms (atomic density) per unit volume in an extrinsic SC.

Doping concentration
Atomic density (atoms/cm®)

Doping ratio =

e 1:10° — High Doping
e 1:(10°to 10%) — Moderate doping
e 1:(10"to 10™) — Light doping

(| |

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.15




COMPENSATED
SEMICONDUCTORS

2.1. Introduction

¢ A semiconductor in which both donor & accepter impurities are added are called compensated SC.
» [ftrivalent atoms are added into n-type SC or pentavalent atoms are added into the p-type SC we get compensated SC.

(i) If Na = Np then it is general compensated semiconductor
(ii) If Np > Na then it is n-type compensated semiconductor

n?

B Np-Na

y
Ph=—" (= [Pn
Ny

2

(iii) If Na > Np then it is p-type compensated SC

ni ni2
np =" =
Pp Na-Np

2.1.1. Procedure to calculate majority & minority concentration in the Compensated Semiconductor

Condition — A:
e If (Nb>>Na) or (Np > 10 Na) or (No — Na) >> nj or is not given in the problem then,
2 2
_ . N n; n;
minority carrier conc Ppp=—" =>—
My Np-Na
majority carrier conc”. nn ~ Np
Condition - B:

* If Npisvery close to n;
Np — Na is very close to n;
Np is very close to Na
then, majority carrier conc”. (n,), will be

_Np-Na +J(ND'NA)2 .
2 4 '

Ny

and minority carrier conc" will be

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.16
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Note : Special Case: Let Np is applied and Na =0

2 4
Condition A:-
* If Na>>Npor Na>10 Np or (Na— Np) >> nj or n; is not given
Pp = Na—Np
p -~ N
and minority carrier conc".
o
n, =— =
P Na-N
Pp AND

Condition B:-
» If Nais very close to nj or (Na —Nbp) is very close to ni or Na is very close to Np then, majority carrier conc”.

2
2

Pp 5
Note: Special case:
If Na is applied & Np =0
2
then Pp = p:%+ (%j +ni2
2
and np, = e
Pp

Generation is the process in which force electron & holes are generated and Recombination is the process in which electrons
& holes are annihilated.

Carrier Generation & Carrier Recombination:

e Inthermal equilibrium the conc" of e~ & hole in CB & VB respectively are time independent & mass action law holds
and also Recombination process annihilates both the e~ & hole.

e Since the net carrier conc". are independent of time in thermal equilibrium, the rate of e~ and hole generated & the rate
of which they annihilates must be equal.
In thermal equilibrium

no = = =
|G o Gpo =Rno = Rpo|

Excess carrier generation & Recombination:-

o When a high energy photons are incident on a SC. ™ in the valence band may be excited to the CB. At the same time,
Q hole is also created in the VB. is generated.

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.17
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n
, steady state conc”.
EXCess e steady state conc

o ——
® 00 00

—h
Photons ? T
excess steady State

hole hole conc”.

Excess carrier Generation

where gn” = excess e~ generation rate
gp” = excess hole generation rate

® 00 DR N
1)

Excess carrier recombination

Where, Rn", Rp” — Excess e~ & hole recombination rate

Case—1:
The net rate of change of e concentration.
2
d An(t) _ Dnd Azn_@JrGL
dt dx T,

Approximation

(1 Po >> g (i1) low level injection

then, An(t) =Aqg(0) € <

For n-type, excess minority carrier concentration.
Ap(t) =Aq(0) e/ Po

where, tno, Tpo —> excess lifetime of e~ & hole.

Recombination rate of excess carrier:
» Recombination rate of excess carrier is equals to negative of net rate of change of excess carrier.

. An(t ,
* For p-type, R, = © =R,
Tn
A
 For n-type, Rn':Rp' :ﬂ
T
p

Case—11:
Consider a homogenous n-type SC with zero applied electric field, assume that for t < 0 the SC is in thermal equilibrium & that

for t > 0, a uniform generation rate exist in the crystal.
GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.18




O Electronic Devices )

AD(t) = 9" po (L—€ )

A p(t)/max = A p(e0)

|Ap(t) [max =gty |

for p-type, An(t) =9'1 [1— e /o J

Case— 111 :

e Inthis we generate excess carrieratx =0soforx<0&x >0
It will be decayed (diffused).

SC Bar
excess
Mminority
garrier
x=0
e Foratany ‘X’ excess minority carrier concentration.
_S
Let n-type :- Ap(x) =Ap(0)e P For(x>0)
where, L, — diffusion length for hole
for x<0 A p(x) =A p(o) etP
Let p-type A n(x) = An(o) e /L1 for (x > 0)
A n(x) = An(o) e¥'t" for (x < 0)

where L, — diffusion length for e~

Case—11:

e Consider a n-type S.C & let AP holes are injected in a portion of that n-type SC. Now we want to find behaviour of
those injected excess holes inside the S.C.

—_—>

AP

—
k» Injected excess holes

5,(t)=5,(0)¢ °"

|

n-type —_|_

Let =S =[8,1)=5,0)e""
(¢}

Relation time constant for dielectric
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Continuity equation describes the distribution of electrons and holes when there is excess carrier generation,
recombination and carrier movement.

e As per law of conservation of charge, rate of charge of number of e~ inside the semiconductors is equal to no of e~
entering per second minus no. of e~ leaving per second plus no. of e~ generated for second by generation process minus
no. of electrons lost per second by recombination process.

e Consider a volume in which carrier flux into/out — of
Area A, volume Adx

In (x + dx)—y

In (x)

—»  le—dx

Adx (%j :—é [Jn(x) A-J, (x+dx)A] +G,Adx—R,, Adx

Jp (X+dx) =J,(x) +6‘]?T(X) dx

N @:1 6.Jn(x)_Rn
o q X
on 1 0J,(x)
ot q X
p 1 03,
g x

R, +G_

Rp +GL

Continuity equation.
e The minority carrier diffusion equations are derived from the continuity equation,

aAnp 62Anp
=Dy —Ryt G
ot ox2
dADp 0% Ap
Tn = Dp ?n—Rp +GL
0aa
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FERMI LEVELS AND
HEAT MEASUREMENT

3.1. Fermi Characteristic

1+e KT
Where, E = Energy possessed by the e~ in eV
K = Boltzmann constant
Er = Fermi energy level
¢ Indicates the probability of existing e” in a given energy state
e |tisalso called as fermi — Dirac probability function

e AtT=0K
(i) E>Er, f(E)= t _ 1 =0, this indicates no e are available in the SC with energy E > E;

1+e™ 1+
. 1 1
iIVE<Er f(E)= i L
" - F(E) 1+e™ 1+0

Here probability is 1 it indicates at T = 0 K, elements are available in the semiconductor with energies E < E¢
e AtT#0K
E=Er, f(E)= L 5 L ors0%
1+e” 2

o Fermi level is the characteristic level with 50% probability of being filled if no forbidden band exist
e For metal f(E) will be 1
e For SC if probability of e” existing f(E) then probability of hole existing in SC will be [1 — f(E)]

* Fermi energy is defined as the maximum energy possessed by the e~ at OK
Er = Max kinetic Energy
1 2
Er = Emvmax

Where, m = rest mass of e = 9.1 x 103 kg

2Er

and Vinax = m/s

* Fermi energy is also defined as the energy possessed by fastest moving e™ at 0K
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A\ V4
e In Intrinsic SC, n=p=n;
—(E. —E-:
Where, n =N -eM
KT
~(Eri—Ev)
p=N,-e KT
—(E. —E- —(Ex —
N, e (B —Br)_y (Br-B)
KT KT
by solving
e, BB KT (N,
2 2 N
Where EC ; EV = Emidgap
and Ny oc (mp*)*?

Nc e (mn*)SIZ

3 my *
EFi = Emidgap +Z KT In mn ”

e If my* = my* then Eri = Emiggap, Intrinsic fermi —energy level lies at the midgap
e If my* > my* then Eri > Enmiqgap, Esi lies just above midgap
e If my* <my* then Eri < Emiagap, Esi lies just below the midgap

1. AT T=0K, Inintrinsic SCat 0 K, fermi level is existing at the centre of energy gap B CB
Ep = E. +E¢ ¢ E,
2 E,
Note : Fermi level will be exactly at the centre of energy gap VB
(i) mp* =mp*
(ii) Nc = Ny
(li)AtT=0K
2. AT T =300 K, In intrinsic semiconductor at room temperature, the fermi level will
be passing through centre of energy gap.
Ep = E. +E, —ﬁloge N¢ e conc.
2 2 N,
here e conc. = hole conc.
Hole conc.

e Inn-typeSC: n=Np

_(Ec—EFn)
n= ND = Nc' e KT
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Er, —Ec= KTln[ﬁj
Nc

It indicates the position of fermi level below the conduction band
In n-type semiconductor, fermi level is a function of temperature and doping conc.

(i) AtT=0K, Er is coincides with the edge of conduction band.
= Donor energy level is always nearer to conduction band as compare to centre

(i) At T = 300 K

At room temperature, in n-type semiconductor fermi level exist just below CB Energy level
AtT=0K
Semiconductor is non-degenerated i.e. (Np < N¢)

Here Er, < E¢, means fermi level lies below CB

If semiconductor is degenerate, i.e. (Np > Nc) here Eg, > E¢, mean fermi level lies in conduction band.

Shift in position of Er due to Doping
Shift in position of Er w.r.t to E;

0, (Shift) = +KT (n N2 gy

on p-type SC, p = Na

ErpE))
p = Na=Nye KT
NV
EFp = EV + KTfn N_

A

It indicates the position of fermi level above the valence band in the p-type semiconductor
Fermi level is a function of temperature and doping
At T = 0K, Erp = EJ, Erp coincides with the edge of VB

— At 0 K, carrier conc. Are zero and therefore o = 0, so p-type SC at 0 K behave as insulator.
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CB

e AtT=300K:

N
Erp = Ev + KT loge—= , In p-type semiconductor at 300 K fermi level exist just above the accepter energy level
A

at T >0 K, if Na < Nymeans Eg, > E, here fermi energy level lies above VB (Non degenerated SC)

If Na > Ny means Erp, < Ey (generated SC)
CB

Here fermi energy level lies above VB.

VB

e In p-type semiconductor as doping (Na) increases then Er moves towards the VB.
* As Er moves away from the centre energy gap so o increases with doping

» Shift in the position of Er due to doping

Shift = —KT VA gy
n;

In thermal equilibrium, the fermi energy level is constant through the system

Consider a S-C A Whose e® are distributes in the energy | Consider a S-C B Whose e® are distributes are the
state of an allowed band. energy state of an allowed band.

Empty state Empty state

% Occupied state % Occupied state

7

« It there two material are brought togethers into intimate contact then the
e® in n-type system will tend to seek the lowest possible energy level.
 In those above case, e® will flow from material A to lowest energy state ___ F———  F——— - E,
of material and until thermal equilibrium reach.

¢ Thermal equilibrium is only reached when distribution of electron is a
function of energy is same in both material. It occour when fermi level
will equal in both system
Let Era > Erg, In thermal equilibrium

EFB
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3.2. Hall Effect

It states that if a specimen (metal or SC) currying the current | is placed in transverse magnetic field and an electric field
intensity E is induces in perpendicular direction of both ‘I’ and ‘B’

Y  upper surface

E’l y
L/

| X
B Bottom surface
Z
where, w = width of specimen
d = height of specimen
current in X — direction = Ix
Magnetic field in Z — direction = Bz
Field intensity in Y — direction = Ey
e The specimen must be square shape or rectangular shape.
e From the hall effect we can identify.
I.  Whether the given specimen is a metal or SC (n-type or P-type)
Il.  The carrier concern in the specimen.
1. The mobility of charge caries.
IV. Magnetic field intensity ‘H’
V. To measure the signal power in the electromagnetic wave.
1 1
Vil _“_VH
) 2
Metal or n-type p-type
semiconductor  Semiconductor
e Hall voltage is induced voltage.
e Electric field intensity.
|E| :|Vd—H| Vim
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VH Zﬂ
pwW
where, p is charge density.
Log,
p
where, Ry is hall coefficient.
Vi _BIRy volt
W
Where, B — applied magnetic field
W — width of specimen
o By hall experiment, mobility is given by
8
=—oR
u 3 H

Where,  p = mobility of charge carriers
o = conductivity of metrical

I.  Magnetic field meter.
Il.  Hall effect multiplier.

In metal, Vu =-ve
In n-type semiconductor, Vi =-ve
In P-type semiconductor, Vy = +ve
For intrinsic semiconductor, Vu=0

Note : Charge density (p) = charge x carrier conc. C/m?

Hall coefficient (Rn):

Ry = 1 1 m®/c
p  charge x carrier conc.

e In metal and n-type semiconductor Ry = —ve

e In p-type SC, Ru = +ve

e Inintrinsic SC, Ry is very large

¢ Inintrinsic semiconductor carrier concentration are very small and so Hall coefficient will by very large

1 = oRH

So, Ry 2
(o}

Since, Vi oc Ry
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. 1
Since, Vy c—
(&)
e Inmetal V4 is small because of in metal o is very large.
¢ In semiconductor V4 is large because of semiconductor o is small.
e Inextrinsic SC, Ry is independent of temperature.
1
RH = N P
gxcarrier concentration
Vyw . .
e Ry= TR since all parameter are constant so, hall coefficient is independent of temperature.
e Ry= E, in intrinsic semiconductor, hall coefficient decreases with in temperature.
(&)
e Ry =—————, Asinintrinsic semiconductor for carrier conc. increases with temperature so Ry decreases with

~ gxcorrier conc
temperature.

Hall coefficient (Ru):

direction

(upper surface)

direction of

flow of e

A\ 4

2 (Bottom surface)

e Increases of intrinsic SC, current will be produces by both e and holes because of no majority and minority. Increase
of intrinsic SC due to which both change carrier will have magnetic force in (-gy) dissection deposited on bottom

surface.

For n-type SC.:

/?@79 lo 0@ @ (direction of _
po o0 ®9Y V. (High voltage)

7T fevere) T

l(Bottom surface)
B

e  For n-type SC bottom plate will be positively charge.

!
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Half angle:
e Hall angle is defined as the angle made by the resultant E field with applied F field.

5 E applied
Eresultgnt
(Effective E field
E,
E
tan(0y )=—"1
applied
V |
En :TH1 J :K = Eapplied ©
So E.oplied = L
, applied GA

tan(OH):\%xch

Ry .IBxcA
tan(eH):F\lN.d—Xl

tan(By; ) = Ry x Bx——
Ry

0y =tan*(By)

aoo
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PN JUNCTION

4.1. PN Junction

(a) PN Junction

e A pn—junction can be formed only when a bonding force is created in between p — type and n — type semiconductor
e Modern diodes are fabricated with using any one of the following methods

(@  Alloy — junction method

(b)  Diffusion method

(c)  Grown junction technique

(d) Epitaxial method

ohmic ohmic

contact P 4 V, 4 N contact

©006CO0 00006

formation of

o0 eeie 63 D000 pn-junction

w i
-, charge density

Electric field intensity

-dv,
E =gw V/m

Barrier for the flow of
majority carrier holes P — N

Barrier for the flow
of maj carrier e°s N — P
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For Ge diode, Vo =0.1vto 05V
Typical value — 0.2 V
For Si diode, Vo =0.6vt00.98 v and typical value=0.7 v
e Depletion layer is called as space charge region or transition region
o Depletion layer is created due to diffusion of majority carrier across junction
e Indepletion layer mobile charge carrier are zero and contains immobile charge carrier
e Contains large no. of covalent bonds & lons
o Depletion layer consist of (—ve) charges and positive charges on either side of the junction
e Depletion region not oppose minority carrier in crossing the junction
1

W o : :
\/Doping concentration

Where , w is width of depletion region

= By increasing doping concentration on both sides of the p — n junction or on one side of the junction, the
width of depletion region will be reduced

= InPnjunction, vo is

o Contact potential

o Barrier potential

o Diffusion voltage

o Built in voltage
» Inany type of PN junction field intensity is always directed from n — side to p — side
= In pn — junction field intensity is always maximum at the junction

_ 28(1 1J
W= =] —+— |V,
a\N, Np

Where, € = permittivity in F/m = (g = gogr)
€0 = permittivity in free space

And &r = Absolute permittivity

Note: g0 = 8.84 x 10 ?F/m
&(Si) = 11.7, &(Ge) = 16

£=11.7g=28.85x 10" F/cm
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Equation for contact potential of PN junction diode

0| @:
oo
ole!

S.C. conditon
Vo = Vi
NAND

2
i

V, =V (n

o Contact potential is always (+v) for p — n junction diode
o Contact potential decreases with the temperature for increase in 1°C, vo is decrease by 2.5 mV

Equation for maximum field intensity in the p — n junction

— vV, +
0| ®:
0| ®:
O | @

> W
unbiased

Maximum intensity is given by poison's equation
= -9 q
Emax or Epeak :?WNND = _ngNA

When w;, or X, is width of n — side depletion layer and w;, or X, is width of p — side depletion layer

Special Case:

Assuming E is linear with the depletion layer to calculate appproximate peak E — field intensity
-V, +

00!
oo

1ax

_ Ve _ _2Vo
™COWR W

vim

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.31



O Electronic Devices )

Equation for width of depletion layer (w) :

Using E =_—anND or _ﬂprA
€ €

WN WNp
-—_— W = —
" No+Np P N +Np

2¢( 1 1
W= |— —+— |V,
d Ny Np

Current components in p — n junction diode

4.2. Law of Electrical Neutrality

E space charge field intensity

8

000 ®:

00D ®:

E,.— direction of external field

In + gA wpNp and —gA w,WDp (Coulomb)
The charge density in the depletion region of N side and P side are +qwaNp C/m? and — qwyNa C/m?

Or
WpNA = WnND
Wy Ny
Wn NA
Note :

¢ Ratio of depletion layer width of p — side & n — side depends on their doping concentration called charge equality equation
e Depletion layer will penetrate more into lightly doped region

e Ina p—jjunction if doping concentration are 10 : 1 then their depletion layer will be 1 : 10 ratio
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E(']’ P N ECu
fn
Eﬂl’ -------------------- fin
E E,
Ew .
. L Barrier
Eer . qV,=E, Eneigy
Eﬁp ------------ -: v : ECn
E, L NVl E
! : Q, =
E’\‘P : TR Eﬁu
: I E\'u
Vi =Builtin gk laVil=lagd +lad
Potential - posion Vol=ls] + 16
Built in potential, Vi =E€n NA—L\|D
q n;
. NANp
And Barrier energy E, =0V, =KT/n Y
Reverse Bias : or blocking bias
I
VioorV,

If we apply 0 potential difference between p & N region such that the n —side is at higher potential or +ve potential as compared
to p — side, then the applied bias is called as reverse bias
Under the reverse bias the width of the depletion layer is increased

P - V. + N
0°0°0 ‘o |o !

. @ 00 rer . ..
0°0°0. 0 | o :°o g o0 under equilibrium condition
0°0°0' 0 |0 0600

Wl
P _ VitV 4+ N
ocoo ©0|loo o0oo0o0
0O 00O 00|06 ©6.000 Under RB condition
O OO0 ‘00|00 ©0:900
W

Here , (W2 > ws)
Here majority carriers of p — n junction will be moving away from the junction there by the region of immobile charges
1 es. That width of depletion layer is increased
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E space charge field intensity

s

00 00:

00 |0 D:

E,,— dircction of external ficld
o Both have same direction Es & Eqy
e Under RB, the barrier voltage is increase by |Vrg|

4.2.1 Space Charge width & Electric Field

ooloo
ooloo
P %oloo N
oo|0o
F

<—
Eapplied

b —
w

B ——

]
|
Vv,
Where, E = E Field that exist in depletion region already
On space charge region

E.=E+ Eapp

The E field originates from the +ve charges & terminates on — ve charges, this means the no. of +ve & —ve charge must
1 ses if E field increases

w 1 es with an increasing reverse voltage Vg

Here, Viotat = Vi + VR
(i) W=\/§(vbi+vR)M
q NAN,

. 2¢ N, 1
(i) X, z\/E(Vbi +VR)N—D.—(I\IA Ny

N, 1

N
(i) X, —\/q (Vi +VR)NA.(NA+ND)

E field in depletion region

E:ﬂ[x+xp];—xp£x£0
€

E= ﬂ[xn -x];0<x<x,
€

e _2(VatVe)
max W
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A\ 4

4.3. Junction Capacitance

We have a separation of +ve & —ve changes in the depletion reason therefore a capacitance is associated with p — N junction,

this capacitance is called as junction capacitance or depletion layer capacitance
dx

n

+qN, dQ

dQ E . _qNA

Addition charge X,

due to iChargc in RB

! When applied RB voltage is V, |
I

When applied RB voltage is V + dVy

CogNeA [ Nay L 1
20 Ny No+Np (Vyi+Vg)

1

ﬂ’Vbi + Vi

== & NaNp X 1 (Capacitance per unit area)
2 Ny +Np  V, +Vg

Cx

€
A

E AE
C'=— Vicm*& C=—F
woem W

Note : Where Vr = 0 = C = Cyp — max depletion capacitance
e L
C, 1+V, 1V,

e Itis blocking the flow of majority carrier in R.B, so, the crossing of junction become block, hence reverse bias is also
called blocking bias
e Under RB only minority carries will be falling from the barrier potential and they contribution majority carrier current

(lo)

lo = thermally generated or minority carrier current or reverse saturation current or leakage current
lo = u A( for Ge)
lo = nA(For Si diode)
Highly sensitive to temp (lo inverse with temp. increase)
lo is independent of the applied reverse bias voltage that is lo is saturated w.r.t applied Vrs and hence called saturation current
lo is reverse current flow from n to p.
As temp increase minority carrier are generated
For 1°C increase in temp = lg increase by 7%
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lo is a drift current because thus current is due to the field intensity, which is passing through junction

e A
Peak — W/2 - W

~ 2[v0 +|VRB|]

Peak _T

W :E(L+LJ|EM| depletion width in terms of Epeax
diN. Np

When a positive potential is applied on p — side w.r.t n — side then applied bias is called as forward bias

[
I )
Vv,

When any type of p — n junction is forward biased limiting resistance must be connected in series with the diode, the
limiting resistance and diode working as potential divider network

V, = (V,orV,)
+ .
I,
R, = VR
+
v
Forward voltage, across the diode is Vp
Vp < 0.5V for Ge
Vp < 0.9V for Si
V = Vr+Vp
V = |f Rs + If Rf
Where, I+ = diode current/forward bias current

The majority carriers of P & n regions will be moving towards the junction and neutralize the immobile ions so that the region
of immaobile charges gets reduced that is width of the depletion layer is reduced

Es and E, are in opposite direction

Experimentally found resultant is directed from n to p.

The potential barrier is reduced by |V under forward bias
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Vi = Vo—|Vp|
Case | :
Vb < Vo, the diode is in forward biased and non conducting state and its is “Off state” or “zero state”
Case Il :
Vb = Vo, effect of Barriers is “Nullified
Case IllI:

More majority carriers will be crossing the junction and the junction and the forward current is large and the forward
current will be exponentially increasing with V.

In normal equilibrium

Mot

_ \% _ Vi /V;

npo _nnoe ! pn _ppoe T
Where, Ny = € concentration on n — side (majority carrier)
Npy = € concentration of p — side (minority carrier)

After application of forward bias, as due to barrier potential

np _ npo eVOIVT p, = Pno e—Vo/VT
Where, np = e concentration at the edge of depletion region on p — side
And pn = hole concentration at the edge of depletion region on n — side

Is = Diffusion current (P to n)
I = lo[ €™ 1]
Where, V4 = voltage across diode (p to n) forward bias)
N = utility or ideality factor
V7 = thermal voltage ; KT/q
n =1 =for large currents, eq : Ge
n = 2 = for small current , eq : Si

Default value of n =1
lo = Reverse saturation current (Drift current)

A0t st

LN, L N,
AgD.n, [ e 2( Mo
Ir = lgigg = —q PElemr 1 +_Aann, e™ —1
L-N; L, N,
Laitt = Ipaiee + Inpite
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AgD,n? DN vy
LPI\;;D (evd’“VT _1)+(I1_nNnA (ev In _1)

Forward current is always independent of temperature because this current is carried by majority carrier & minority carrier
concentration is always independent of temperature.

I = 1o[ %™ —1]

V4

diff =

forward bias across p — n junction
0 < VusVyi

WOC’\/Vbi -V,

For Vi > Va, w will comes to be imaginary which is not possible

Vo =nV;in (:—fj
0

% =—25mV/°C
dt
I;(mA)
4
+  Reverse Forward
| bias bias
Vi :
. 7 > +V,
> Cut- in voltage
Slope
/R,

When p — n junction is reverse biased the reverse voltage must be always less than breakdown voltage of the device otherwise
the diode will be destroyer

Breakdown voltage = Var Or By

1
oC
Doping concentration

VBR

V. - eE?
®* " 2q(Doping concentration)

Also called offset voltage (in FET’s) or called threshold voltage (in tubes)
Min voltage required so that the forward current just passes into diode

V, = 0.1vto0.5v [typical =0.2]

minV, = 0.1v or 100 mv
cut in voltage decrease with increase in temperature

vy reduced by 2.5 volt for 1° ¢ increase in temperature
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4.4. Small Signal Equivalent Circuit of Diode

In reverse biased : Ideally current is zero then R = o, open circuit practically |1 = lo, R is very large

In forward biased
M4
I.=1,|e™

% :I—F admittance of diode (g)
dv, nVvT

| V, . Lo
— = =T forward resistance or dynamic resistance

g e

Cp = Rate of change of injected minority charges w.r.t.changes in forward voltage
Cp is due to a change in injected minority charge
Cp is the junction capacitance in a forward biased

Co = Cj=Ae/W

Co «x A

Co x 1/W

Cp o< \/ Doping concentration

Cob = 1-¢
Where g = dynamic conductance or reciprocal of dynamic resistance
Ifg=21rs=Ils/ nVvT

Then, Cp - Cp :i forward Cp « l¢
I nvs:
C,=C, = -
[NAJFND v, 14| Vee
gel NANp 0
qeN,Np
2V0[NA +ND]
C,=C,=
1+ h
VO

000
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5.1. Varactor Diode

As the larger variations, in the diode capacitance. The varactor diode is always operates under reverse bias conditions.

It is variable capacitance diode with linearly doped P and N regions. It is voltage variable capacitance.

C
CT = TO

n = 2 for step graded Junction
n = 3 for lineally graded Junction.

1/n
(1+ Ves )
Vhi

In linearly graded junction the junction the doping profile is defined as :

N(X) = NOX

For P region : Na(X) = NaoX
For N region : Ng(X) = NgoX

N
P-type N(x)

N-type

Symbol:

New for varactor diode : |Cy =

It is use in voltage-controlled oscillators (VCO), Radio frequency fitters and frequency and phase modulators.

It is also use in automatic frequency control devices self-balancing of AC bridges.
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5.2. Photo Diode

It converts light energy into electrical energy. Photo diode has lightly doped P and N region, so the depletion region will have
slightly larger depletion width (W), The advantage of larger W is, it will absorb larger number of photons from the light energy
near the junction. So that both side by minority will be created near the junction.

The falling photons will break the co-valent bonds and create minority carious of both side. Impact on the reverse bias
current hence photo diode is always operates under reverse bias.
P o® y
(0@
] A 4 1t 1

1|
1
To absorbed more photons, photo sensitive material ZnS or CaS is coated over the depletion region.

I = lo, when no light falls.

5' 5, Light

P N

I (R

lopticat = Current due to excess carriers generated due to optical energy. (Diffusion current)

As there is no reverse voltage (lo =0)

bb%gm

| ) b'ljight

PN 15 PN ’
: : optical : :
Iy 1, = forward current
R
[ = Ioplical = [SC + V B

V = IR, The voltage V start bias the PN junction as forward bias, hence current | ;

I = loptical - It

I = Ioptical —1ly [eV/nVT _1}

I = |optical —-k=0
V =V
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5 3 Light

P N
Ioptical
| I
+V0r;_

Ioll)tical - I0 [eVOC/nVT _1} =0
T

Voo =mVifn| 22 +1}
L 0]

VOC =1”|VT€n Ili +1:|
L0

Characteristics :
M /{
VOC
1< >V >V
0 Lumen off switch
5 Lumen
ISC
10 Lumen on switch
R.B.
It is a light operated switch with switching time is in p seconds, and it is almost 1000 times faster than the normal diode.
1
N
1 !
> ° I >‘—~
VOC
Symbol
1,+ I'optical 1.
i V4

As it converts optical energy into electrical energy, it is widely use in satellite communication as a transformer.
The only disadvantage of photo diode is, it has smaller power handing capacity. lubrication of PIN photo diode, which has

larger power handling capacity.
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Q. = No. of electrons collected _ 1,
¢ No.of incident photons  r

p
hv
Ioptical X—
Qo =— 3 x100%
P
P, = incident power.
hv
Q. =R—
q

R output current _ optical current
incident power  Incident power

R= I P Ioptical

e — A/ watt
I:)O PO
Qe _ Q. _ Q.2
hv hv  he
q

PIN diode has intrinsic region sandwiched between P and N region.
Which offers high resistivity and provide larger power handling capacity.

Because of intrinsic region ideal PIN Diode does not have any PN
Junction.

To create PN Junction ‘I” region is replaced by lightly doped P
region. Which is called as n—region or I-region is replaced by lightly

1[)

iiiLght

N

doped N-region. Which is called V-region.
In this overall = region is swap out and covered by depletion region.

VR = swap out

i

PPN

—

Depletion Region

I=1+1

optical
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In this overall v-region is swap out and covered by depletion region.

Vre = swap out

Both PN and PyN diodes operate after swapping out of 7 and y region in order to get larger current.
PIN diode is as faster switch than the photo diode and the switching time is in nS (nano seconds)

Due to larger power handling capacity PIN diode is used in microwave applications.

The working principle of solar cell is similar to the photo diodes.
Consider a PN Junction with resistive load.
&\ 5 light

Pi|iN
Iy
R
A'A'A‘A‘Av I
+ -
V 7
ISC‘ = ]oplical
This drop v will bias PN Junction, in forward bias.
I = Ioptical — 1y
Short Circuit Open Circuit

I 39 lsht I )
l_ P N l_ P N

~
a
)
e~
.
)
‘4-..

1: ISC I — I_s-(_- _-[f

=l - I

-
Ve =1V fn| 212 +1}

VOC :T]V'rfn i+1j|

I J
Voo, ~Voc, :nVTm(ﬁj :T]VTmLJSCl ]

SCy
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operation point

V.,V

oc

>V

Maximum power delivered (p)

/
[ optical — V M _1)}<V

For o
or qv

At this, the value of V will give maximum power. That value of V and corresponding value of | is known as operating
point, i.e. Vi and In.

| .
Responsivity, R =-tcal | A/ watt,

__ Electrically genrated power
Incidert optical power

hv
q
:M:RE

Finxq qr

<
3
Il

T 124R
- (inpm)

It is the ratio of operating power and the maximum theoretical power.
Ime
ISCVOC

FF =

LED works on the principle of electro luminescence. It is the property by which light energy comes out due to electron

hole recombination.
It always operates under forward bias, so that large recombination happen at the junction and produce light.
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Light Intensity [1] oc l. (forward current).
LEDs are fabricated by direct Band Gap semiconductors.
GaAs — Infrared light
GaA — Blue light
GaAsP — Red or yellow light
GaP — Red or Green

» 0@ y p 9%y
ole HSIS)
O |
1! .
VFB VFB
I
v
|
frequency | B | i increases
increases | G
v Y
V. (o)
cutin voltage R
- 1.24 um. Amax = Ared
Eg (ev) }"min = 7‘violet

M>>Iy >Ac>AB> A > Ay
Egr < Ego < Egy < Ego < Egg < Egi < Egv
Viir < Vbio < Vhiv < Vhic < Viig < Vil < Viiv

Also V, o« Vi Built in voltage

V, = Cutin voltage
Vi = Builtin voltage
T, 1 1
Mint=—» -=_—+_—
Tr Tnr

T = total recombination carrier lifetime
tr = Radiative recombination carrier lifetime.
Tnr = Non-radiative recombination carrier lifetime.

Internal Power : [Pin{]

hCl

Pint :ﬂint.Tq watt

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.46



o Electronic Devices O

Emitting Power : [Pe]
2
Pnt-Fn
4}
F — Transmission factor between LED material and medium.

n — Refractive index of the medium.
nx — Refractive index of the material.

Pe=

External power Efficiency : nep

fep = x100%

P = input Power.
Power conversion or coupling power efficiency : [Nepl

Nep = %xlOO%

P
Nep = ﬁ %100%

It is slightly highly doped diode, specially designed to operate under breakdown region.

Symbol
Breakdown is a phenomena in which, large number of covalent bonds will be broken and this Y
will change the minority carrier concentration significantly. Hence breakdown occurs in reverse bias. | j .
In forward bias only majority carriers will present and due to this breakdown is not possible in forward | L
bias. P N

Breakdown are of two types:
1. Zener breakdown
2. Avalanche breakdown

In Zener breakdown both P and N region are highly doped, due to that barrier energy will be large and depletion width
will be smaller and when we applied reverse bias voltage, the E -field in the depletion region will be increasing and at reverse

bias voltage equals to the breakdown voltage, the electric field will become very large and called as critical E -field (Ecm)

dut to that covalent bonds at the junction will be broken and current abruptly increases. It is negative temperature coefficient
e Zener breakdown is due to longer(E) field intensity in the depletion region
e Zener breakdown occurs at low voltages.
o When temp will increase covalent bonds will be broken current will start increasing due to that the breakdown occurs

at low voltages.

dv, .

ot =0ve —» ©ve temp. coefficient

# This indicates Zener breakdown is ©ve temp. coefficient

5.3. Avalanche Breakdown

Avalanche lockdown occurs in lightly doped diode due to that the barrier is very small and depletion width will be larger due
that e® will spend more time when move for p region — n™ region and due to larger K.E. e will be strike on the covalent bond
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will be broken and one e® will be generated again the unmuted e® will impact on the another covalent bond and further e® will
be generated. After impact the e® will be migrated into the n-region.

Breaking of covalent bond due to impact energy in called as impact ionization which gives e® multiplication
1
Tt uw > Ve d 5 mVg2d
U
1 2
quVRBT—>EdeT

# when temp will increase mobility will decrease due to lattice scattering which make V4 smaller and the K.E. of e® will
be small and for breakdown of the diode equal high R.B voltage when temp (T) breakdown voltage in avalanche

breakdown(T)
% =®ve
dt
This indicates ®@ve temp coefficient of avalanche breakdown.
(Zener Diode)
I\If
Break down
voltage
— :{/ s
-V rT".. . ——— bi V’Y V}-‘n
: ' =k
AL
o , ....................... w1
<> :
AV,
o AV, T y :
Dynamic resistance, I, = AL = dynamic resistance of Zener diode.
z

V,=0.7 V (Zener Diode is always laid of Si)
r; — very small (1Q — 10Q)
The min current required for a Zener diode to be operate in R.B. Region is known current

AV. _ 3
"= A, A
’ I, (knee current)
= r, =20
If VR <V,
U

Normal diode in RB

o . . AV,=0 )
If Vrs > V; = Zener diode in Breakdown region (conducting) -

000
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OPTO-ELECTRONICS AND
QUASI FERMI LEVELS

6.1. Opto-Electronics and Quasi Fermi Levels

{ Opto - Electronics ]

.
: .

Sensors Emitters
ﬁ —e LED
l l —*® LCD (Liquid crystal
Bulk Type Junction Type _ (Lig y
LDR (Light Dependent L —e Display)
Photo BJT Photo Diode (PD)
Normal Photo Avalanche PIN Photodiode

Junction type of sensors or bulk type of sensors then due to absorption of photon. The Covalent bonds will be broken and
Electron — Hole pairs will generate. Multiple photons will generate multiple EHP’s

Photon energy = hv
h = planks constant = 6.62 x 10 J — sec.
v = frequency (Hz)

_ c(Speed of light)
~ A(wave length)
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hv > Eq4 (energy band gap)

e,

6.62x10°* _ 6.62x 1073
=T ec

h ev-seC. = ———
q 1.6x10%

ev -Ssec

¢ = 3 x 10% m/sec.

1.24

1.24

E, (ev)

Generation rate (G.) due to irradiation of light :

Critical wave length A, =

_ Excess minority carrier concentration

G
- Minority carrier life time

When light falls equal number of e~ and holes will be created

This states that, if light passes through the sample then some part of light will get absorbed and rest will be transmitted through

the sample. This transmitted part of light depends on the absorption coefficient (o).

It — Transmitted Intensity

lo — Incident Intensity

a. — Absorption coefficient (cm™) |

g

t — thickness of the sample 0 !
o(cm ) |
Absorbed Intensity = 1o — I Log scale l

Absorption coefficient (o), depends on the material and associated
wavelength (1) of light. !
|
e = 124 um ' > A(pm)
Ey(eV) A
hv(eV) <
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Before illumination : N = Nb
i
e
0 nI"IO ND
After illumination : Nn = Nny+ Ang
Pn = pn0+Apn
Any = Aps
Ann, — Excess e concentration
AP, — Excess hole concentration
An_ AP
G, =—"=—" m¥secorcm?3s™
Tpo TPO
Ec
Before Illumination: E,,
@, — Fermi potential for electrons E T q9s,
KT (n.)_ KT (N 1
b, —En( ”°j=—fn(—DJ
q n; q n;
E

fn = Quasi fermi level of e~
fe = Quasi fermi level of hole

When we starts illuminating light over the semiconductor (n — type), due to EHP generation. There will be significant change
in hole concentration and almost insignificant change in e~ concentration. Due to that that there will be change in Quasi fermi
level of holes (f,) and almost no change in quasi fermi levels of e (fy)

After illumination :

More illumination gives more shift in Fp

f_E = KTfn{%jeV

E—f,= KTfn(ijeV

fn and ¢m is consider to be negative as it goes upwards than E;j(Fermi level of intrinsic) and f, and ¢re is consider to be positive
as it goes down wards than E;.

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.51



o Electronic Devices 0

Before illumination : Ppo = Na
2 2
n:
npo _i__'
pp0 NA
After illumination : Pp = Ppo+ App

Before IHlumination :

' i q9p

®p — fermi potential for holes

N zﬁm(hj:ﬁm(&J
©q n; q n;

ao,, =KT In[%)ev

Here due to EHP generation the change in e” concentration will be significant and Ec
change in hole concentration will be insignificant. Hence change in f, will be
significant and fp will be insignificant

After illumination:

More illumination gives more shift in f,.

Np
n.

f.—E = KTfn[ eV

E—f = KTﬁn(%)eV
Co =ANQU, +APQu, T/cm

Where, An =change in e concentration

AP — change in hole concentration
000
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BIPOLAR JUNCTION
TRANSISTOR

7.1. B]JT (Bipolar Junction Transistor)

e Transistor is a multijunction semiconductor device that together with other circuit element is capable of current gain,
voltage gain and signal power gain, therefore it is an active device whereas diode is passive device.

e The basic transition action is the control of current at one terminal by the voltage applied across other two terminal of the
device.

7.1.1. Basic Structure of BJT
CB Junction

n [ n
P

. n++ p+ n
Erzlél)tero— 10%em’ |10 cm3 10%ecm’ = Collector (C)
E-B Junction Base (B)
p n p
Emittero——— p" n p ———0 Collector (C)
(E)
Basc (B)

e BJT has 3 separately doped region and 2 p-n Junction, 3-terminal connection are emitter, base and collector.
¢ The width of the base region is small as compared to the minority carrier diffusion length.
« The emitter region has the largest doping concentration region and base region has the smallest.

e Bipolar Junction transistor is not a symmetrical device.

7.1.2. Basic Operation of BJT
e Forward active mode

Where, EB Junction is forward Bias

And CB junction is in reverse Bias
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E B C
p++ n» _p
1 |
VBB CC
E B C
(n) (p) (n)
E ¢
P E
( X) _________ opo |large| P.,
Pnu P(‘(X)
EBJ" CBJ"

« Distribution of minority carriers in npn transistor in forward active mode.

* The BE junction is forward biased and CB junction is reverse biased. This configuration is called the forward active
operating mode.

« The electron from the emitter are injected across the base-emitter junction into the base. These injected electrons create
an excess concentration of minority carrier in base.

« Similarly holes from the base injected across the base-emitter junction into the emitter.

e These injected electrons and holes create an excess concentration of minority carrier in the base and emitter
respectively.

¢ The base collector junction is reverse biased so the minority carrier electron concentration at the edge of base collector
voltage and the two close enough junction are said to be interacting p-n junction.

7.3. Simplified Current Relation in BJT

e Assuming ideal linear electron distribution in base, then collector current can be written as diffusion current.
dn
l.=gDn—-
I, = |s.eVBENT

| = 9D, AseNeo

where, s
XB

Age — Base emitter junction Area
Neo — Thermal equilibrium electron concentration in base region
xs — Neutral base width (not considering space charge region)

. IE1 = It is due to the flow of electron injected from emitter to base, thus ideally it is equal to collector current.
. IEz = Base — Emitter junction is forward based majority carrier holes of base injected across the base emitter junction

into the emitter.

Where ISZ — it includes minority carrier hole parameters in emitter region.
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Now, le=1g +1g
le =(15 +1s, )&%

I .
I—C =a. — Common-Base current gain factor
E

lc=alg as,le>Icsoa<1

Note:

- - - - - - - \ic

e Since I is not a part of the basic transistor action we would like to be this .
E4
component as small as possible in order to make common base current gain %l
close to unity. gi'f

« Ideally Ic is independent of Vcg as long as collector base junction is reverse — _. >V,
bias so we can say BJT act as constant current source

e ldeal BJT I-V characteristics in common base configuration.

e The emitter current IEZ is a base emitter junction current so that this current is also a component of base current.

» Since majority carrier holes in the base are disappearing, they must by resupplied by a flow of positive charge into the
base terminal, this flow of charge is Igp.
e The total base current is the sum of Igaand Igp.
Iy =lg, + Iy,
e The ratio of ic and iy is also a constant
{E=p=1c =P,

Where, B = common-emitter current gain factor.
Note: Applying kCL

le=1.+1;

| B . B . (pnp)
. leopoi=pl, (npr)
B

7.3.1. Other Operating Models of BJT
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BE Junction CB Junction
FB RB — Forward active mode
RB RB — Cut-off mode
FB FB — Saturation mode
RB FB — Inverse Active mode
+
Ve ¢ 1 % R, V=R,
n
p Ver
R, o A1
E V
==
Vee
If Vcg > 0, then Reverse Bias
IF Vge > 0, then Forward Bias
Vec—IcRc—Vee = 0
Vee = Vce +Vre

Vce = Ves+ Vee
If Vee Tes - |cT — VRcT - VCE»L — Vce \LES

e |If Vcc is large enough and Vgc is small enough the Vcg > 0 therefore base collector junction is RB and BE junction is
FB already, this condition is of forward active region of operation.

e Ata certain point of Vg, Ic become large enough tomake Vcg = 0, Beyond this point if I¢ is slightly increased the Vcg
become negative and CB junction becomes FB and IC is no longer controlled by BE voltage i.e., the relation Ic = Blg
will no longer hold.

e O/P characteristics

e . : Forward Active
< .
Satiation N region
region

BE

V(‘('= ICR(T + VCE

Vce = IcRe +Vce
Work as an amplifier or current source
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VBI:

Saturation Mode Forward - Active Mode

& »
< » V(‘ B

Inverse Active Mode Cutt-off mode

-1
B:|:DP NB XB + Xé j|
Dn NE LP 2":nopn

Here xg is very small and Ng > Ng
e The current gain factor 3, depends on two factors

(i) Effective Base width (Xg)

(i) Ratio of doping concentration in Base and Emitter Region (N&/Ng)
¢ Prismatic and non-prismatic

_ B oandp=—*
a—B+1and B »

f increases by large amount for small increase in ‘o.’.

a
1
7.3.2. Reverse Current (Iceo and Iceo): [Leakage Current]

e The current Icgo is the reverse current flowing from collector to base with emitter open circuit.
e The current Iceo is the collector to emitter leakage current when base is open circuited.

Input Output Common Terminal
B C Emitter (Common Emitters)
B E Collector (Common Collector)
E C Base (Common Base)

For common base:
lc =alg + 150

ID :Bls +(B+1)ICBO
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| .
—E —y common collector current gain factor
I

le=vieg=> |E=V(|Ef |c)

I -1

c_Y—1_g

Ie Y

y=—1 —14p
|

Current gain contributing factors:

1. DC common base current gain:-

IC Jnc +‘]G +‘]PCO
(10 e e ———
le  Jne +Jpe +JR
where, Jnc: It is due to the diffusion of minority carrier e® in the base at x = X
Jo: Itis due to the generation of carriers in the Rp in the base - collector junction
Jeco: It is due to the flow of minority carries in the Rg in the base collector junction
Jne : due to diffusion of minority carries e® in the base at x = 0
Jee : due to diffusion of minority carrier hole in the base at x* =0

Jr : due to recombination of carrier in the Fg base-emitter junction.

- alC _ ‘]nC
_E Jne+Jpe +JR
Change in I¢c corresponding to change in I+ and Je & Jeco are independent of emitter current
S = yoc TO
where, Y= _ e — Emitter injection efficiency
Jne +Jpe

J
ol = ZnC — Base transport factor
ng

Joe +J L
§=—"NE "“PE___, Recombination factor
Joe +Ipe IR

e ar, v & sare contributing factors, ideally all values are 1 but partially its close to 1.

e Distribution of minority carriers in npn transistor in forward active mode.

e The process where the effective base width of the transistor is altered by varying collector junction voltage is called
base width modulating.

e Itisalso called as early effect

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 1.58



O Electronic Devices )

W, = Effective basc width
of the transister

AAAAAAA
YYVYYVY

YYYYYYY

Modulation of base width
by charging RB

AMAAAA

B R/B

e As the base-callector RB voltage Tes which reduced the neutral base width W’B by increasing the base, collector
space charge region width.

o As W’B reduces, It will increase

e The early effect produces a non-zero slope in o/p chrematistics & gives rise to a finite o/p conductance

1
/ VCE
V,(=Va,0)

early voltage

Slope, g = Al
lc =go (Vce + Va)
Where, J le

" Vg +Va

7.3.4. Breakdown phenomena’s in BJT

e As the reverse bias base-collector voltage increases, the base-collector space charge region widens & enters further
into the neutral base, It is possible for the base-collector depletion region to penetrate complete the base & reach the
base emitter space charge region, the effect called punch through.

e The lowering of the potential barrier at the base-Emmiter junction, produces a large Ting current with the very small
decreasing in the collector base voltage, this effect is called punch through breakdown phenomenan.

B
L

XdB

Let the depletion width for BE junction is negligible for breakdown
total neutral base width = Xgo

XBD
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XdB = XBO
£ N 1
and, Xie = [Z2(Vyi +Vep ) —2
dB \/ ( bi CcB ) PJ B (: Pq c + Pd E;::
At break down :- Xg8 = Xso & Vs = Ver (negligible Vi)
2
X Ng (N~ +N
Then. Vior = dsd B( c B)
28NC

e When a high reverse voltage is applied across the diode then avalanche breakdown takes place.
¢ When emitter is open then current (Iceo) will flow from the collector to base & then by Vcc by applying Vce.

n P n
II‘HL
fo T o
R I I,
[
L
](RO VC('
n p n

ﬂ
.

T 1
iy
=

[([n

AMAAAA
YYYYYY

I
[
Ve

In B — C RB minority carrier of collector will flow to base then base will positively charged the E — B is FB.
lceo = lceo+alceo

|
_ lero _
Iceo = | = lceo=(1 + B)lcso
— 0O

| leeo =(1+B) ICBo|

CBO

K ) Leao

:[('11()
Breakdown occurs when | = Mlcgo
Where, M — multiplication factor

~
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Empirical formula for M

M=

-
1_( VCB j
BVCBO
Where, BV — breakdown voltage
n — emphatical constant

BVceo = Breakdown voltage (Vcg) in open Emitter configuration
i.e For Breakdown Vcp=BVceo

7.3.5. In Open Base Configuration

R J)B =R

G

lceo = M[lceo+ alceo]

CEO

M
loe0= a0
For B.D : M=1
1
M= ————— ,at Vg = V. M:anl
1— VCB 1— BVCEo
B\/CBO BVCB
BVceo=BVes (1 - )"
BVceo= iﬁo
®)

The breakdown voltage in the open base configuration is smaller then the actual avalanche junction breakdown voltage.
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MoS CAPACITOR

8.1. MOS Capacitor

MOS - Metal oxide semiconductor
Oxide used is (SiO2) —Insulator.

Gate
M /////////T/////// «— Metal or Polysilicon
o ——1> Si0, (Oxide)
N1 »Si-Si0, interface
g — 4 Substrate / Body/ Bulk

P—Type /N — Type.

Body

MOS capacitor Operates in 3 — modes:
(1) Accumulation.

(2) Depletion.

(3) Inversion.

(1)  Accumulation.

A
VL L

E
—’ —
Fx —_V

@

P — type “si
S.C.

:

This E field is very strong so that it penetrates in p — type S.C.
Also, the holes of S.C. P — type get forced and accumulate at surface.

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 6.62



@.

)

©)

Depletion mode:

A
Si0, — R7777777777
++++++H++
Interface E |
accumulation P—type
of holes.

Inversion Process:

depletion <+—

region

Inversion process:
In this on metal the ions are there and in p — type holes are forced in the direction of E field and this is created a depletion

region.

Electronic Devices

__________  —

++++++T++++

I T

./ vE

P —type

When a MOS capacitor with a p-type SC substrate is biased such that the top metal gate is at a (—ve) voltage w.r.t. the

S.C. substrate.

An accumulation layer of hole is created at the oxide S.C. interface corresponds to the (+V) charge on the bottom plate

of the MOS capacitor.

Strong Inversion

Now consider the same MOS capacitor in which the polarity of applied voltage is opposite of 1°* case.
A positive case charge exists on the top” of metal plate and the induced E-field is in the direction from metal to S.C.

Energy Band Diagram: (p-type S.C substrate)

)

No gate bias:

G ——

No bias

(Flat band) 5.C.

Ef
Ev
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(2) Gate at Negative Voltage:

”/
Z N . .« g
Z c
2 In this E-field is
a ._f \ . from S.C. to metal.
(—Ve bias) f {
4 """"""""""""" Ey
Z
~~ %oooooooooooEV

«

accumulation of holes

. Here, Vg is more nearer to fermi level than bulk so it is more p-type surface then bulk.
J “Ef” is constant, because it is in thermal equilibrium.

(3) Gate at positive voltage: (moderate)

Z
> E
Z % ‘
Z
. Z E
Go—— Z | T i
(Moderate) 2 ______________________ Er
The bias £ Ve E,
Z .
Depletion Region
o In this case bulk is more p-type then surface and holes are depleted towards bulk and there is depletion region at surface.
(Thermal equilibrium is also there) surface starts to become n-type.
(4) Inversion:
/-> Inversion of charge
L... L] ® ® E
’} C
Go—— I
(+ve bias Large)
o — ve charge in a MOS capacitor implies a larger induced space charged region and more bonding

. The intrinsic fermi level at the surface is now below the fermi level.
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o

[

n-type: (Energy Band diagram)

n-type
Si

@o .
................... c
Z -~
[
>
TSN 7 e Ef
[
._4 -k -~ Eg
(+vc bias) //’ i
Z " :
,4‘ A%
(2)
7N 8
/
/
A b Ef
/
G 2 9
moderate (—Ve bias) ,%/ T S Eq
7
g ¥ Ev
“ X . .
d — Space charge Region (depletion)
3) E
Z a2 ¢
Z D f
/ ’
% et L ELEEE LR PR
Z [’ Ef
=ve) Z E
f q9s I v

¢s = surface potential
g¢s = Ex Bulk — Esi surface.

. At inversion point - Surface is as much n-type as bulk is p-type.

~(Ec—E; J/KT “n ef(Eﬁ—Ef JKT

n=N; e
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=N, e«(Ef—EV)/KT n ef(Ef —~Efi J/KT

Electron concentration at bulk S.C.

~(Ef—Eq /KT

pezNie

[Eﬁs —Ef =B —Egg ] - inversion

for ng =

for Inversion: ¢ = 20f,

Z !
‘e
- i
> S ——
/ T
/ o ¢
VG O—% K q¥p
. % Os 4] o T
(+ve bias) [~ APs 4/
é qq’p ' :
7 :
e —>' L,
Maximum depletion region thickness.
N
¢fp =\r In(_A]
n;

N, ——>Acceptor concentration in p-type substrate.

¢d; —> surface potential (potential deft. Across depletion region)

5 1/2
Xg :(—84)—5) —> Like a one sided.
q Na

Maximum depletion region width occurs at

s :2¢fp-
[4s¢fn j”z
Xg1 =
q Np

¢fn ZVT In(l\rll_?]

. At the surface, potential ¢g = 2ds,

. The fermi level at the surface is as for above the intrinsic level in the bulk S.C.
. This condition is known as the ‘threshold inversion point’.

o The applied gate voltage operating this condition is known as the threshold voltage.

This is a applied gate voltage such that is no band bending in the S.C. and as a result there is zero net space charge in this
region.
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EC
Bf ceemcmccamanaar o Eg
IthB
............................................................. Ef
Ev
Metal Oxide p-type S.C.
Vo =AVix +Ads
At flat — Band, V6 =Vre
VFB :(Vox _%xo )+(¢s _d)so)
We know: (Vxo — o )= s
\48 :(I)ms +V0x +¢s
Also, at flat bond ¢ =0;

Vis = ns +Mox -
Charge distribution in MOS cap at FB voltage
Qm Qss

metal Oxide S.C.
For conservation of charge:

On+Q =0 Qn =—Qx

Across oxide voltage drop = Vox = Voltage drop across capacitance.

Vox = 3 Qs
COX Cox
Ve = Oms + e

(0)
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e

> Vep
@ Accumulation @ Low Frequency
@ Flat band @ Deep Depletion
@ Inversion Start @ Poly Depletion Effect
@ High Frequency Positive Oxide Charges Introduced

Vig —— flat Band voltage.

Vg — Gate Voltage.

V; —— Threshold voltage.
MOQOS Capacitor can operate in 3-modes Accumulation, Depletion, Inversion, which is explained earlier.

Vi =2Qnsi i%i&i&bf

ox  Cox

() Accumulation

NN

p-sub

(1) Depletion

Py

~ NN\

\\\\S‘ p-sub
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(111) Inversion

== pV
—
— I
—
—
—
—]
—
— >
//; > X
p-sub
M ©
(0]
o—
Dy, =Du,
= €ox Eox =si Es
Where, =11.7¢,
Ex=3.9¢,
Then, E =XE_
Ssi
o= Sleom?
Sox
o =19 leom?
Ssi
2
E, = 205
Wy
Vox = Egytox
1
Cen =
)
Cox s
Lo = Debye length
Lp= 8S(I)t
VqNA
¢« — Thermal voltage
- €ox 2
Crg = Flcm

to, + Eox. esfy
€s qNA
The flat band capacitance of the MOS structure at flat band is obtained by calculating the series connection of the oxide
capacitance and the capacitance of the semiconductor
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Energy Band Diagram:
For N-sub MOS capacitor:
Ideal case: 1) ¢,Si=0
(2) Qo =0

(1) Flat band: (Vs =0)

q¢m
EC
Ef —. Efn
" E’ﬁn
b T Eﬁ Eﬁ
E, E,
(i) Accumulation » Vg >0
(iii) Depletion mode Vg <0
(I |
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MOSFET

(METAL OXIDE SEMICONDUCTOR
FIELD EFFECT TRANSISTOR)

9.1. MOSFET

Source (S) GTatc D (Drain)

IS ISISIS SIS S

p-substrate

J)Body

e Source : terminal through which majority charge carrier enters into the SC bar.

e Drain : terminal through which majority charge carriers leaves the SC bar.
e Channel: path between source & drain by which majority carrier travel from source to drain

e Gate : Terminal to control the flow of charge carrier from source to drain

MOSFET
Enhancement type Deplet\%'on type
MOSFET MOSFET
¢ No initial channel between ‘S’ & ‘D’ at ® Channel is initially present in between ‘S’ & ‘D’
zero gate voltage at zero gate voltage
(@  n-channel (N-mos) (@ n-channel
(b)  p - channel (P-mos) (b) p - channel

e Depletion type MOSFET, the already created channel is either of following two types
(i) Internally doped

(i) A mos device with applied threshold voltage.
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9.2. Operation of Enhancement Mode N-MOS :

Q)
G (Vo < Vu)
S
| I
(/L
7 + Ve /////; + ¢
a0 4 P on
Vi
2727222277 22272727227 4

I

e Thereis no flow of ‘S’ carrier to drain
Here, vin = threshold voltage  +ve for N-channel MOS
—ve for P-channel MOS
(1

G (Vo< V)

s I v, > 0 (small)

——n — channel

AN
>
SSS
=

g, = channel conductance

e Source carrier (¢7) will flow from S to D, therefore channel & a current will flow from ‘D’ to ‘S’

e Forsmall Vp,
0sdQ,'l, where Q, = Inversion charge
|Q, "[oc Vi — Vi
Potential difference across oxide layer
1Q."[F [Ves Vi Vi ]

Where, v,,, — potential at any point in channel at source : x = 0

Vigy =0V
and Vi) =Vos (0<vy, SVDS)
e For vy very small
Vox = Ves — Vrn

Then |Q,"[oc Vg —Vpy

— Basic MOSFET action (modulation of channel cond by applying gate val)
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At small Vg, Q, "loc Vigs — Vi
[ ]

Inversion charge density at the channel, i const.

(VGS > Vlh)

[

||||—|

= (Ves —Vu _Vth)
G

[

LLLLS L o
m=Z Ak
= J A

depletion region

Electronic Devices

P
VGSZ >VGSl
VGS >Vth
VGS >Vth
— >V
IG (Ves < Vi)
L
U + Z + A
g N ? Z n ]
77777727 7727727777 A

[y, !
T

Inversion charge

(Vos > Vin)

[

Vbs > (VGS B Vth)

/\[D

(If AL is very small)
Triode

region

Saturation Region

For vgs> V1h :

with Vps.

>~
v b ? Vg
v(?ﬁ‘ TH

For small value of vps the charge density is const along the entire channel length therefore drain current Tes linearly

If vps Tes, the voltage drop across one oxide layer near the drain terminal decreases, which means the incremental
conductance of the channel at the drain decreases which means slope of Ip vs Vps will decreases

When vps increase to (ves — Vrn) then the slope of Ip v/s vps curve will zero.
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9.2.1. In depletion mode MOSFET
« If the n-channel region is actually induced an inversion layer of e~ created by the metal SC work function diff. & the
fixed charge in the oxide, the current voltage characteristics is same as above, only except vi, is negative quantity.
« If the n-channel region is actually an n-type SC region & Q —ve gate voltage will induced a depletion region under the
oxide, reducing the thickness of the n-channel region, reduced thickness decreases the channel conductance which

reduces the drain current.
* Inorder to be able of to turn the device off, the channel thickness must be less than the maximum charge width (xdT)

Derivation of I-V characteristics :

-,
.

.,

—>V
Q, — Charge carrier/length along the direction of flow of current

v—> Velocity of charge carrier

Total charge = Qdv

P-channel Depletion Type MOSFET :

—.|+
W
Vos D _ I
A ) |
0 2 2
o ., [00eesq ., |
® P @ e P |®
® @ ®
ol OO
OA N-substrate
| Body
1
= Vis

Output Characteristic :

Enhance ment

I s — Drain to source saturation
current at (/4=0)

Depletion

Ve(Sat
Cutt of :D\S',( -v)
VGS>VTH as TH
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If Ves > 0 & vps (vary)

- Depletion charge Qp increases
- Less holes available in channel i.e. Ip decrease
- Channel depleted
e IfVes <0 & Vps (vary)
- Depletion charge Qp in creases
- More holes available i.e. Ip will increases
- Channel — Enhance

e In linear region :

1 W
Ip = Euncox(rj(ves — Vi )2

Symbol :

—f— —8 é_| B

or

°S S
¢ N-channel Enhancement type MOSFET :

1 w ’
Io ZEHnCOXT|:(VGS —Vmu )VDS _? }

MOSFET works as voltage variable resistor

e ltis afigure of merit indicates that how well a transistor convert the voltage to the current
olp
gm - GVGS

Vps = const.

e Intriode region :
al,
Ngs

e Insaturation region :

(Vos =const.) =g, = “nCOXVTVVDS

Vps =Ves —Vin

1 W

2
I = Euncox T[VDS —Viy ]

w
and O = 1, Cox T[VGS ~Vpy |
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_ 2|Dsat
gm -
Ves — Vi
, w
gm = 2‘J‘ncox (T) I D
w : o
AS A5 T = Aspect Ratio 4o”
>V .~V > >
w YasTha v Vos—Vin w_ ]D
— = const 1, >Const — = const
L )

e When, Vpg <Vg —V;y, (the Triode region)

> Vg
Vs~V Vgs <Vpy =V, (over drive voltage)

e The channel is pinched off at Vg =V, . The drain current reaches its maximum value & if we further increases Vg,
a const current flow because of the pinched off channel side Q, — 0 & velocity of carrier increases.

w Vo2
Io = 1,Cox T|:(VGS —Viy )VDS - DZS :|
Let 2(Vgs —Viy ) >>Vp

Then it is deep triode region = Linear Region
W
Iol-1,Coy T(VGS ~Viy )VDS

I ocVps = I =04Vps (channel conductivity)

W
94 =H,Cox T(VGS —Vry )

1

w
1,Co T(VGS —Vry )

Ren =

In deep triode region MOSFET work as a linear resistor which can be varied by vgs therefore in deep triode region, we can
say that it is working as a voltage variable resistor.
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1. Body - Bias effect : (N-MOS)

e |fwvg<O

Il
=)
9]

[ = 7771 2"
pt | |+ |J,|L|

depletion region
Then, attracts more holes towards body terminal hence depletion charge increase before on set of inversion.

e The gate charge must mirror Qg before an inversion layer is formed. Therefore, ves is a function of total charge in
depletion region.

e Ifvgisincreased, then Qo will increase and then vy, will increase

Vi = Voo 74/ 2C0 Vg =/ 20¢
_ \/ 2 € qNsub
/ y

0X

Body effect coefficient

2. Channel length Modulation:

Where, L — Actual length of channel
AL — Depleted channel length

L’ =L - AL — Un-depleted length or effective channel length

Iy = %pnCox(Vrv](vGS —Viy )2 [1+ A[Vos —Vos (sat)]]

If v > Vs (sat)

1 W
lo=> pnCox(T](vGS Vi ) L+ AVps ]

Where, A — channel length modulation parameter

unit = volt™

a=-1 (volt)
\'

A

Where, v, — Early voltage
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lo

. v
Vi Ves(Sat) = VeeVr

1 v

r=—n=-+>%
Ay g

¢ Symbol N-channel enhancement type (NMOS) :

oD oD

e

or

output resistance

A

°S e

9.3. Short Channel Effects

The MOSFET is consider to be short channel device when the channel length is in the same order of the depletion width of

source and drain junction.

1. Velocity Saturation

2. Drain-induced barrier lowering (DIBL)
3. Impact lonization
4

Hot electron

By using previous study we can state:
v, =uE(E << EC)

v, =vdmax(E >> EC)

E(v/cm)
E. — Critical Electric Field

But the variations in vq near the critical E field cannot be modelled using the above equation. This is the region in which

va changes with E , sub linearly.

Proposed model for velocity saturation.

Vy =V LEECcm/s
1+—
EC

This model gives the actual vq versus E .
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When we apply positive voltage at the drain in n-channel MOSFET having short channel, then its threshold voltage (vr)

will decrease due to depletion region of drain region. This effect can be reduce by increasing substrate doping.

In short channel devices the E field in the channel will be high and due to that the ¢~ velocity will be high which impact

on Si atoms and generate electron hole pair, this is called as impact lonization.

This is also due to high E field in the channel which give rise to high energy of e and that can enter into the oxide and

will be treated as trapped oxide charge. This will increase the threshold voltage (vr).
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