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History of Semiconductor Materials

1833, Faraday — Ag,S -
has a negative TCR

1877, Adams + Day —
Photoelectric effect of Se

-

1879, Hall effect — e
and h conduction

1914-1945 (WW 1 & 1I)

applications — radio,
radar, power rectifiers,
infrared detector, photo-

electric devices etc. —p

o _ 1905, Einstein explained
Military & commercial | === photoelectric property

}

—

1900, Planck -
Quantum theory

1947, Bardeen et al

transistors in Bell Labs

80s’, large scale
integration (LSI)

v

70s’, medium scale
integration (MSI)

90s’,very large scale
integration (VLSI)

Later 90s’, ultra large
cale integration (ULSI)

- I 50s’,solid
integrated

circuit (IC)

¥

60s’, small scale
integration (SSI)

02, (0.10 pu), Nano-Tech

95, (0.35 )

97, Cu films kb 98, (0.18 p)
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Mass like charge is a very basic property of electrons and holes.
The mass of electrons in a semiconductor may be different than its
mass in vacuum.

Effective mass concept

8 _®_
-0 —e_
| .
[l i
@) (b)
dv « dv

F=—qgFE =my— F=—qgE=m, —
q Udf q n’ o

CuuDuongThanCong.com https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Carrier Movement in Free Space

Newtons second law

dv
F=—qgF=m —
q 0

F = force, v=velocity, t = time,

q = electronic charge, m = electron mass

CuuDuongThanCong.com https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Carrier Movement Within the Crystal

FZ—gE:m;ﬁ Fng:m;ﬁ
dt dt
F = force,v =velocity, t = time, F = force,v =velocity, t = time,
g = electronic charge, g = electronic charge,
m. = electron effective mass m; = hole effective mass

Table 2.1 Density of States Effective Masses at

300 K.

Material m¥ Im, m3Img
Si 1.18 0.81
Ge 0.55 0.36
GaAs 0.066 0.52

Ge and GaAs have “lighter electrons™ than Si
which results in faster devices

CuuDuongThanCong.com https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Consider a specific solution for the free space (no electrostatic potential, V=0) wave
solution (electron traveling in the +x direction in 1D only):

[— LN Vj ¥ = EP

2m
.l -
n- oW
JJf —
P -EVY=0
2m ox
N .
H(x)= 4de™ + Be™™
-~ - 22
27 2mE -k
where k=—= —or E=
A i 2m

Since we have to add our time dependent portion (see (*) previous) our total solution is:
—il ex—k —il e+
Y = W(x)w(t) = Ade @) 4 e ileh)

This is a standard wave equation with one wave traveling in the +x direction and one wave
traveling in the —x direction. Since our problem stated that the electron was only traveling in
the +x direction, B=0.

Classically, momentum, p=mv and kinetic energy

is (mMv2y2 =(p?i2m
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The solution to this free particle example brings out several important observations
about the dual wave-particle nature of our universe:

Y = W(x)w(r) = e~ =)

While particles act as waves, their charge is carried as a particle. l.e. you can only say that
there is a "probability” of finding an electron in a particular region of space, butif you find it
there, it will have all of it's charge there, not just a fraction.

Energy of moving particles follows a square law relationship:

_1k_{p)

72 72

— —

E

k

-

Energy-momentum relationship for a free particle.
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What effect does this "E-K" square law relationship
have on electron velocity and mass?

The group velocity (rate of energy delivery) of a
wave Is; dE 1 dE
V =—=——
* dp hdk
So the "speed” of an electron in

the direction defined by p is
found from the slope of the E-k

diagram.
E_ ﬁzkz
Similarly, since =~ m
5 ”
* 2 d E i i
m = Ny T "
dk o =
So the “effective mass” of an E—k diagram for a fraudlmmh'un uﬂ; mass m (salid line) Tr"d a
H i | bolic E-& near v versus k relation
electron is related to the local :“_?‘1"""“,,-.1’"m*ﬂ“ e agram a linear v

inverse curvature of the E-k
diagram
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How do electrons and holes populate the bands?
Probability of Occupation (Fermi Function) Concept
Now that we know the number of available states at each energy, how
do the electrons occupy these states?
We need to know how the electrons are “distributed in energy™.

Again, Quantum Mechanics tells us that the electrons tfollow the
“Fermi-distribution function™.

1 : :
f(E)= TES where k = Boltzman cons tant, T = Temperature in Kelvin
+e Vir

l

and E . = Fermi energy (~ average energy in the crystal)

f(E) is the probability that a state at energy E is occupied

1-f(E) is the probability that a state at energy E is unoccupied
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Fermi-Dirac Function and Fermi Level

The Fermi function f(E) specifies how many of the existing states at the energy
E will be filled with electrons. The function f(E) specifies, under equilibrium
conditions, the probability that an available state at an energy E will be occupied
by an electron.

It is a probability distribution function.

{ E- = Fermi energy or Fermi level

f(E) = 1 + oE—Ep)/kT k = Boltzmann constant = 1.38 x 1023 J/K
I =8.6 x 10 eV/K

T = absolute temperature in K

2.71)
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Fermi-Dirac distribution: Consider T — 0 K

For E>E.:
1 E
(E>Er) 1+ exp (+0)
Er
For E<E.:
f(E<Ep) = 1 =1
N 1+exp (o)

0 1 f(E)
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Fermi-Dirac distribution: Consider T > 0 K

If E = Ep then f(Ef) = %
It EsE- kT then  oyp (E ;TEFJ >> 1

_(E_EF)j

Thus the following approximation is valid: f(E) = exp ( T

I.e., most states at energies 3kT above E¢ are empty.
T Ecgrr  then exp(E_EFj 1
KT

Thus the following approximation is valid: f(E) = 1—exp ( E - E,:j
So, 1 —f(E) = Probability that a state is empty, decays to zero. KT

So, most states will be filled.
KT (at 300 K) = 0.025eV, E4(SI) = 1.1eV, so 3KT is very small in comparison.
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Temperature dependence of Fermi-Dirac distribution

- f(E)= 1 _E-EL) kT

| 1
Stal IR
2 2 .
f(E)= e= (E—Ey) KT
V Illlll
0 E, —= 0 [ E, —
E E

E. - 3kT E,+3kT

(a)T-0K (b)T>0K
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Energy bands in metals

E
A
O
o©
---------- 7-_--j_--_'?'*:3$gﬁ-t---“""_—-}[ L}c (FEF'mI EHEPQYJ
.:.: . ; 60

- e E=0
frp 1 0 Metal

* In metals the conduction band is partially filled
with (conduction) electrons with E<E.

+ States with BE>E: in the conduction band are empty
and can be easily occupied (at the cost of a tiny
amount of energy) by the electrons near the Fermi
surface, i.e., conduction electrons can move freely
in a perfect metallic crystal
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Energy bands in insulataors

E | -
4 | Conduction band

E;| Energygap

fFD- L 0

Insulator
Eg =10 eV

* The valence (conduction) band is completely filled (empty)

+ The conduction and valence bands are separated by and energy
gap E,~10eV

* The Fermi energy (chemical potential) falls inside the energy gap

* A valence electron requires AE>E_ to become a conduction electron,
.e., the density of conduction electrons is ~ exp(-E;/kgT)
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Energy bands in semiconductors
E

» similar band structure to
insulators but with much
smaller energy gap (E,~1eV)

* poor (good) conductor
____________________________ Ep (insulator) at T=0

* conductivity increases rapidly
with temperature

Semiconductor

E,~1eV e clectrons
Energy @ holes
There are two types of Conduction band

charge carriers in an

intrinsic semiconductor
(i.e., #electrons = #holes):

Narrow forbidden gap

Valence band

electrons and holes

Applicd E fGeld
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Band Structure in metals, insulators &
semiconductors

Band structure determines electrical properties:

Metals — a partially filled conduction band.
Electrons have sufficient energy to move.

Insulators — a completely filled highest valence
band & large energy gap (2-10 eV) to the next
(conduction) band.

Semiconductors — between metals and insulators
— valence band is completely filled, but the gap is
narrow (<2 eV). The gap allows e_ thermally
excited to the conduction band — controlled
conductivity.

CuuDuongThanCong.com

Conduction

Semiconductor

Conduction

i e e

Insuln+§r

Resistivity

Resistivity

Temperature

https://fb.com/tailieudientucntt

Temperature


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Carrier Movement Within the Crystal

*Electron is a quasi-particle that behaves as a “wave” due to
quantum mechanical effects.

*The electron “wavelength™ is perturbed by the crystals
periodic potential.

Potential
energy of (a)
electron
in crystal
® ,@ ®| O, ®

Electron
wave

& (b)
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FIGURE 1-11
Representation of motion of electron wave in crystal potential. (After Wolfendale [3].)
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Carrier Movement Within the Crystal

FZ—gE:m;ﬁ Fng:m;ﬁ
dt dt
F = force,v =velocity, t = time, F = force,v =velocity, t = time,
g = electronic charge, g = electronic charge,
m. = electron effective mass m; = hole effective mass

Table 2.1 Density of States Effective Masses at

300 K.

Material m¥ Im, m3Img
Si 1.18 0.81
Ge 0.55 0.36
GaAs 0.066 0.52

Ge and GaAs have “lighter electrons™ than Si
which results in faster devices
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4 electrons available for sharing
(covalent bonding) in outer shell
of atoms
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Band Occupation at Low Temperature (0 Kelvin)

For (Ey erma=KT)=0 No electrons in

conduction band means
no electron conduction
is possible

Ec

No “Holes” valence
band means no “hole™
conduction is possible
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Band Occupation at Higher Temperature (T>0 Kelvin)

For (E =kT)>0

thermal

Electron free to move
in conduction band

Ec

“Hole™ free to move 1n
valence band
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T

Direction of
Current Flow

Carrier Movement Under Bias

For (E

thermal

=kT)>0

A

Electron free to move in
conduction band

O Ec

Ev

*Hole” movement in

.. valence band
Direction of

Current Flow
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Carrier Movement Under Bias

For (E

thermal

M Direction of

=kT)>0

Current Flow | I

A

Electron free to move in
conduction band

O Ec

TTTTI@ T

“*Hole™ movement in

.. valence band
Direction of

Current Flow
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Carrier Movement Under Bias

For (E —KT)>0

thermal

A Direction of

Current Flow | I

ongThanCong.com

A

O Ec
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Electron free to move in
conduction band

“*Hole™ movement in

.. valence band
Direction of

Current Flow
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Clarification of confusing issues:**Holes” and Electrons

E

C

The valance band may have ~4e22 em™ valence electrons “participating in the bonding
processes holding the crystal together.

The valance band might only have ~1e6 to 1el9 em~ “holes™ in the valence band (missing
valence electrons). Thus, it is easier to account for the influence of the holes by counting the
holes directly as apposed to counting very small changes in the valence electron concentrations.

Example: If there are le 22 ¢m-3 atoms in a erystal with each atom having 4 valence electrons.
What is the difference in valence electron concentration for 1lel2 holes verses 1lel3 cm-3 holes?

Answer: 4 x 1e22 cm™ -l1el2 em™® = 3.999999999922¢m > verses
4x1e22 em™? -1el3 em™? = 3.999999999¢22¢m
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Material Classification based on Size of Bandgap:

Ease of achieving thermal population of conduction band determines
whether a material is an insulator, semiconductor, or metal

Few
lect g .
/ S E ~(0 Electrons in ~10% - 10 ¢m~ Electrons in
} * Conduction Band / Conduction Band without *help™
E E. = 1.42 eV (GaAs)
wide £¢™ 8eV(5i0;) ( T Eg = 1.12eV (Si)
E.~ 5 eV (Diamond) Es = 0.66 eV (Ge)
K Thermal ¥ (Room temperature)
1 E excitation
\ : moderately
easy
(a) Insulator {b) Semiconductor

~10%2 ¢m? Electrons in Conduction Band

vy 1080 T
narrow E, it E:
%%f Z

(c) Metal

Figure 2.8 Explanation of the distinction between (a) insulators, (b) semiconductors, and
(c) metals using the energy band model.
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Intrinsic Carrier Concentration

*For each electron promoted to the conduction band, one hole is
left in the valence band. Thus, the number of electrons in the
conduction band is equal to the number of holes in the valence
band unless there is “help™ to change the relative populations in
each band.

sIntrinsic carrier concentration is the number of electron (=holes)
per cubic centimeter populating the conduction band (or valence
band) is called the intrinsic carrier concentration, n.

*n, = f('T) that increases with increasing T (more thermal energy)

At Room Temperature (1=300 K)

n~2e6 cm> for GaAs with Eg=1.42 eV,
n~lel0 em? for Si with Eg=1.1 eV,
n~2el3 em? for Ge with Eg=0.66 eV,
n~le-14 cm™ for GaN with Eg=3.4 eV
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E‘Etl‘lllSlC, (ur duped IIlEitEl‘lﬂl)

|.|.|.|°|.|.|.|

Example: |.|.|.|.|.|.|.|
P’ AS, Sb || || || || || || |

in Si I.I.I.I.I.I.I.I
|| [ | | | || || |
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E‘Etl‘lllﬁlt, {ur duped II]EEtEl‘lEIl)

I.I.I.Ie.‘l.l.l
l.l.l.l.l‘.,l.l
l.l.l.l.l.lt o
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Concept of a Donor *“adding extra” electrons:
Band diagram equivalent view

® ’ 00 000 00

o0o0o 0000 S PNPIR PG T e

I+ 0K Increasing T Room temperature
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sztrmsm, (ur duped materlal)

AN, aimmEN. P P THTH 1 -~ T P17

|.|.|.|.|.|.|.| o
l.l.l.l.l.l.l.l regions of

----- material
| are
— ) neutrally
| _____ charged.
Example: One less bond l.l.l
B, Al, In means the
in Si acceptor is l.l.l

electrically
satisfied
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Concept of an Acceptor*adding extra hole”:
Band diagram equivalent view

' 0K

CuuDuongThanCong.com

Increasing T

LR B B R 2 R SO

E\r
OO 00000 O0

Room temperature
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ole Movament

Empty state is located next to the Acceptor
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All
regions of
material
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neutrally
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ole Movament

||
l.l.l.l.l.l.l

| |

||
0 E

|| |
900009

| |

||

| |

Another valence electron can fill the empty state located next to
the Acceptor leaving behind a positively charged “hole”.
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ole Movgment
| | | | | | |
1890'090'9'9'9'@:
| | | | || ||
900000
|
-.-.- 8@

(&)
-.-.- 1 0 I ]

The positively charged “hole™ can move throughout the crystal

(really it is the valance electrons jumping from atom to atom that creates the hole motion).
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Region =—
around the
acceptor —
has one
extra
electron
and thus is
negatively
charged.

ole Movament

I.I.J.I.I.Iil

E19/0:8:
190800

|| | |
2

|

-

Region
around the
“hole” has

one less
electron
and thus is
positively
charged.

The positively charged “hole” can move throughout the crystal

(really it is the valance electrons jumping from atom to atom that creates the hole motion).
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Extrinsic Semiconductor

« Since the concentrations of free electrons « An impurity would have one less or one
and holes is small in an intrinsic more electron in the valance shell than
semiconductor, only small currents are silicon.
possible. * Impurities for group 4 type atoms (silicon)

* Impurities can be added to the would come from group 3 or group 5
semiconductor to increase the concentration elements.

of free electrons and holes.
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Extrinsic Semiconductor

The most common group 5 elements are * The group 5 atom i1s called a donor
phosphorous and arsenic. impurity since it donates a free electron.
Group 5 elements have 5 electrons in the valence  « The group 5 atom has a net positive charge
shell. that is fixed in the crystal lattice and cannot
Four of the electrons fill the covalent bonds in the move.

silicon crystal structure. * With a donor impurity, free electrons are
The 5™ electron is loosely bound to the impurity created without adding holes.

atom and is a free electron at room temperature.

n-type
Adding impurities is called doping. Ec
f
A semiconductor doped with donor e,

impurities has excess free electron and is
called an n-type semiconductor. Ey
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Increasing conductivity by doping

- Inject Arsenic into the crystal with an implant step.

- Arsenic is 6roup5 element with 5 electrons in its outer shell, (one more than
silicon).

* This introduces extra electrons into the lattice which can be released through
the application of heat and so produces and electron current

* The result here is an N-type semiconductor (n for negative current carrier)
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Extrinsic Semiconductor

The most common group 3 impurity is + Since boron accepts a valence electron, it is
boron which has 3 valence electrons. called an acceptor impurity.

Since boron has only 3 valence electrons, « Acceptor impurities create excess holes but
the boron atom can only bond with three of do not create free electrons.

its neighbors leaving one open bond

+ A semiconductor doped with an acceptor
impurity has extra holes and is called a
p-type semiconductor.

position.

At room temperature, silicon has free
electrons that will fill the open bond
position, creating a hole in the silicon atom

whence it came. p-type -
C

The boron atom has a net negative charge

because of the extra electron, but the boron ___________ E;

atom cannot move. E,
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Increasing conductivity by doping

- Inject Boron into the crystal with an implant step.
* Boron is Group3 element is has 3 electrons in its outer shell (one less than silicon)

* This introduces holes into the lattice which can be made mobile by applying heat. This
gives us a hole current

* The result is a P-type semiconductor (p for positive current carrier)
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Summary of Important terms and symbols

Bandgap Energy: Energy required to remove a valence electron and allow it to freely conduct.
Intrinsic Semiconductor: A “native semiconductor” with no dopants. Electrons in the conduction
band equal holes in the valence band. The concentration of electrons (=holes) is the intrinsic
concentration, n,.

Extrinsic Semiconductor: A doped semiconductor. Many electrical properties controlled by the
dopants, not the intrinsic semiconductor.

Donor: An impurity added to a semiconductor that adds an additional electron not found in the
native semiconductor.

Acceptor: An impurity added to a semiconductor that adds an additional hole not found in the
native semiconductor.

Dopant: Either an acceptor or donor.

N-type material: When electron concentrations (n=number of electrons/cm?) exceed the hole
concentration (normally through doping with donors).

P-tyvpe material: When hole concentrations (p=number of holes/em?) exceed the electron
concentration (normally through doping with acceptors).

Majority carrier: The carrier that exists in higher population (ie n 1f n>p, p if p>n)

Minority carrier: The carrier that exists in lower population (ie n if n<p, p if p<n)

Other important terms (among others): Insulator, semiconductor, metal, amorphous, polyerystalline,
crystalline (or single crystal), lattice, unit cell, primitive unit cell, zincblende, lattice constant,
elemental semiconductor, compound semiconductor, binary, ternary, quaternary, atomic density,
Miller indices, various notations, etc...
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Developing the mathematical model for electrons and holes

-E]"'n 7 af conduction band »
n=|," g.(E)f (E)E
Bottom af conduction band | ] | |

Number of states per cm~ in energy range dE

The density of holes is:

Probability the state is empty

A

-ET:J;J af walence band r ) !
p=]"" g,(E)[1- f(E))dE
Bottom of valence band \ ] | |

Number of states per cm=? in energy range dE

Note: units of n and p are #¢m?
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Developing the mathematical model for electrons and holes

We can further define:

* 3/2
- | makT) - S .
N, =2 ——— the effective density of states in the conduction band
2mh”
and
. 3/2
: m, (kT) L > .
N =2 ——— the effective density of states in the valence band
2ah” '

This 1s a general relationship holding for all materials and

results in: - 3
N, =2.51x10" | em™ at 300K
i
2
%
m L

N, =251x10" | — | em™ at 300K
m

i
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Developing the mathematical model for electrons and holes

When n=n,, E=E, (the intrinsic energy), then

E—-E/ kT E, —E kT
n =N e'"“ " or N, =ne""

C {

and

E—FENET E—-ENVET
n =N e " or N =nes ™)

¥ {
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Developing the mathematical model for electrons and holes

Other useful Relationships: n - p product

E,~E,)/ KT E,~E,)/kT
n, =N e and n. =N ™"

2 —(E.—-E )/ kT —Eo kT
n.=NNe """ = N N o
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Developing the mathematical model for electrons and holes
Other useful Relationships: n - p product

(£, —E)VET

I

. (E,—E VAT
Since n=ne and p=ne "’

Known as the Law of mass Action
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The number density, i.e., the number of The number density, i.e., the number of

electrons available for conduction in CB is holes available for conduction in VB is
= \3/2 x - \3/2
2zm KT E.-E 2m KT E. -
n=2 T g (Fe—Fr =2 0| e (B
h kT h KT
E.-E E. -E E.-E E-E
n=N.exp- (——F%) n=n exp(——) =N, exp- (—F—— = . exp(———F
c T i pvp(kT) p'p(kT)
Extrinsic Carrier Concentrations Extrinsic Carrier Concentrations
» Since n_p,=n;?> for any semiconductor in « Since n_p,=n; for any semiconductor in
thermal equilibrium, and thermal equilibrium, and
» For an n-type semiconductor, n, = N, » For a p-type semiconductor, p, = N,
= niz _ niz
Pe N, "o = N,
» Where p, is the concentration of holes in the « Where n_ is the concentration of free
8]

n-type semiconductor. electrons in the p-type semiconductor.
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Extrinsic Carrier Concentrations Extrinsic Carrier Concentrations

« For a p-type semiconductor with acceptor
impurities, the concentration of acceptor
impurities is N, with units #/cm?.

« [f N, >> n,, then the concentration of holes
in the p-type semiconductor is
approximately p, ® N

* For an n-type semiconductor with donor
impurities, the concentration of donor
impurities is Ny with units #/cm?.

» If N,>> n,, then the concentration of free

electrons in the n-type semiconductor is
approximately n, = N.

a-
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Developing the mathematical model for electrons and holes
Charge Neutrality

It excess charge existed within the semiconductor,
random motion of charge would imply net (AC) current
flow. ===> Not possible!

*Thus, all charges within the semiconductor must cancel.

+N:—1’1]:O

) ) : 1 1
nl ) nl ) nl ) 2
=0 =T =0 =1
|- |- |- |-
] ] ] i ]
= = = =
2 a2 a2 |
_!_ 1 _|_ 1
o o o o
E Z Z Z
= = = =
= =
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Developing the mathematical model for electrons and holes

Charge Neutrality: Total Ionization Case

N-, = Concentration of “ionized” acceptors ~= N,

N7 = Concentration of “ionized” donors ~ = N

(p=N,)+(N, =n)=0
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Developing the mathematical model for electrons and holes

Charge Neutrality: Total Ionization Case

(p=N,)+(N,—n)=0

()=
I

~

n®—n(N,—N,)-n’=0

CuuDuongThanCong.com
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Developing the mathematical model for electrons and holes

[f N,>>N, and N>>n.
,}

n.

i

N

n=N, and p=

D

[f N,>>Nj and N ,>>n,
2
n,
p=N, and n=
N,
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Developing the mathematical model for electrons and holes

Example:

An intrinsic Silicon wafer has lel0 cm™ holes. When lel8 cm™
donors are added, what 1s the new hole concentration?

18 -3
n=N,=10"cm

10 \2
(10 m) cem™ =100 em™
Zi 10

i
|
|
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Developing the mathematical model for electrons and holes

Example:

An intrinsic Silicon wafer has lel0 cm™ holes. When lel8 cm™
acceptors and 8el7 cm™ donors are added, what is the new hole
concentration?

-

_ 1x10" —8x107 | |(1x10" —8x10"

. . +(1x10" )

P
\

1Al 3 A N
p=2x100" em ™ =N, ,—-N,
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Developing the mathematical model for electrons and holes

Example:

An intrinsic Silicon wafer at 470K has lel4 cm™ holes. When lel4d
cm™ acceptors are added, what is the new electron and hole
concentrations?

N =0
1x10" 1x10™ Y :
= 4+ ] =] +(1x10"
p =1 [ ] a0
p=162x10"em™ #N ,- N,
14 |2
n= (lxl(} ] =62x10%em™

1.62x10"

CuuDuongThanCong.com https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Developing the mathematical model for electrons and holes

Example:

An intrinsic Silicon wafer at 600K has 4el15 cm™ holes. When lel4
cm™ acceptors are added, what is the new electron and hole

concentrations?
N.= 1x10" 1x10™ )’ 2
Mo~ p= ' L 2= +(4xlf}]‘]
2 2 ) *
p=4x10"cm™ =n.#N,-N,
15 2
n= (41’10 ]) =4x10"cm™ =n,
4x10 -

U

Intrinsic Material at High Temperature
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Where is E;?

Since we started with descriptions of intrinsic materials then it makes
sense to reference energies from the intrinsic energy, E..

Intrinsic Material:

E ~E)/ kT (E,~E)/kT

( :
n=N e =N e = p

E—-FE )/ kT E —E )/ kT
Nﬂe{- ) :Nre{* )
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Where is E;?

Intrinsic Material:

But,
. \3/2
JVL. _ '}”p
N. | m,
E_+FE, 3kT m,
E =—= =+ Inj —£
2 1 m,
\ )\ J
Y Y
Letting E =0, -0.007 eV for Si @

this is EEE 2 or JOOK ( 0.6% of E)
“Midgap”
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Where is E;?

Extrinsic Material:

{E_f-—Er- VAT

P =ne
Solving for (E~E)) (

E, —E, =kT In| — |=—kT In| £

H=ne

) Y

1,

(E; —E_f- VT

1",

or for N, >> N, and N, >> n,

E, —E, =kT In

N,

Ly

or for N, >> N, and N, >>n,

E

j'

—FE. =—kT In

N,

1,

CuuDuongThanCong.com

https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Where is E,?

Extrinsic Material:

[3 i _ a2 e e -
C - > wn w0 S
. 3T
£
b‘ e s A . G — . Y —— . D S S G SED SE SR G GEe G S —— — ——— —— ———— ————
1
E
F = Acceptor.q
it 3KT
Ev . I | I‘L\T-----M
1013 10 10'S 10'6 10"} o 10'9 102

N, or Ny (cm™?)
Figure 2.21 Fermi level positioning in Si at 300 K as a function of the doping concentration. The

solid Eg lines were established using Eq. (2.38a) for donor-doped material and Eq. (2.38b) for accep-
tor-doped material (k7 = 0.0259 eV, and n, = 10'%/cm?).
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Majority carriers determine the conductivity of semiconductors

Extrinsic
Semicon.

Majority
Carrier

Minority
Carrier

nﬂ
density of
electrons

Pp
density of
holes

density of
holes

n,

density of
electrons
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Current 1n Semiconductors

* The two processes that cause free electrons
and holes to move 1n a semiconductor are

drift and diffusion.

 Drift — the movement of holes and electrons
due to an electric field

 Diffusion — the movement of holes and
electrons due to variations in
concentrations.
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Ways Carriers (electrons and holes) can change concentrations

*Current Flow:
*Drift: charged particle motion in response to an electric field.

*Diffusion: Particles tend to spread out or redistribute tfrom areas
of high concentration to areas of lower concentration

*Recombination: Local annihilation of electron-hole pairs

*Generation: Local creation of electron-hole pairs
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Drift

*Direction of motion:
*Holes move in the direction of the electric field (from + to -)

*Electrons move in the opposite direction of the electric field
(from - to +)

*Motion is highly non-directional on a local scale, but has a net

direction on a macroscopic scale
.' [nstantaneous

. velocity is

- +

Direction of net mutiu.r_]

extremely fast

*Average net motion is described by the drift velocity, v; with
units cm/second

*Net motion of charged particles gives rise to a current
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Drift

Electric Field [V/cm]

Current Density J
[A/cm?]

- Electron

Arca A Motion

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

1 pea = QP vy and J, | pig =qnvy

/ \

Hole Drift current density Electron Drift current density
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Drift

At low electric field values,

J,=qpu £ and J =qnup. kL

1t is the “mobility™ ot the semiconductor and measures the ease with which
carriers can move through the crystal. [n]=cm?*/V-Second

Thus, the drift velocity increases with increasing applied electric field.

More generally, for Silicon and Similar Materials the drift velocity can be
empirically given as:

. u E u E when E—0
T 57/ |v., when E— o
Y7 ‘
1+
L!.':Tlﬁ'i'

where v_, 1s the saturation velocity
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Drift

Mobility

uis the “mobility™ ot the semiconductor and measures the ease with which
carriers can move through the crystal. [u]= cm?/V-Second

1, ~1360 cm?/V-Second for Silicon (@ 300K
H,~460 cm?/V-Second for Silicon @ 300K
1, ~8000 em?*/V-Second for GaAs (@ 300K
1,~400 cm/V-Second for GaAs (@ 300K

4(7)

#u,p o #

m, ,

Where <t> is the average time between “particle” collisions in the semiconductor.

Collisions can occur with lattice atoms, charged dopant atoms, or with other
carriers.
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Resistivity and Conductivity

Ohms Law States: J=cbE=E/p
where o =conductivity [ l/ohm-cm] and p=resistivity [ohm-cm ]

Adding the electron and hole drift currents (at low electric fields),

J= ‘]pn Dr[ﬁ+ ‘]n Drift q(Hnn + J"Lpp)E

Thus,

g = q(]‘-j'nn + J‘-Lpp) E‘J.I]lj p=l-'f[q(}'j'nn + J‘-Lpp}]

But since p, and p, change very little and n and p change several orders of
magnitude:

o ~= qun for n-type with n=>p

o ~= q W,p for p-type with p>>n

CuuDuongThanCong.com https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

o, =ne(u, +14,) =C-e(u, +p4,)-T

N W

o5
2KT

* o; depends strongly on the 300 o

temperature and the charge

carrier densities

* extrinsic conductivity

depends  additionaly

excitation of dopants into the

conduction band.

CuuDuongThanCong.com
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E 515 3
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:;- I~ SLOPE = Eq
1
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ETF
= [
on rF
= SATURATION RANGE
2 0%
i E FREEZE-OUT
E | RANGE
'-:'3 B l
4
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L
“}l! P i | | | i | I i i
0 4 8 2 16 20

1000/ T (K7
Fig. 16 Electron density as a function of temperature for a 5i sample with donor
impurity concentration ol 10" em . (After Smith, Ref. 5.)
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Energy Band Bending under Application of an Electric Field

Band Bending
E
ef;".:,'.,[ \ E, (a) Sample energy band
energy) : .
o o ¥ diagram;
g (a)
AL Ze  (b) Carrier Kkinetic
RS - energies;
3 K.E 4
(b)
\_t fxB. E, (c) Electronic potential
FIOND energy;
S Xt B S
©
‘T/ d 1
‘ (d) Potenital;
PR\ ¢
@ N
‘f (e) Electric field.
| W )
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Diffusion

Nature attempts to reduce concentration gradients to zero.
Example: a bad odor in a room.

In semiconductors, this “flow of carriers” from one region
of higher concentration to lower concentration results in a
“diffusion current”.

-y air 3 T

Diffuse ® Diffuse ©
-—m @ -—0G
® ® ® @ @ 6

e @@ 6| _ |leooo]| _.

Figure 3.12 Visualization of electron and hole diffusion on a macroscopic scale.
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Diffusion

Ficks law describes diffusion as the flux, F, (of particles in
our case) is proportional to the gradient in concentration.

F=-DVn

where 1 is the concentration and D is the diffusion coefficient
Derivation of Ficks Law at lecture #8

FOTr €1eCIrons ana noies, tne airrusion current aensity (Tiux
of particles times -/+q) can thus, be written as,

"'IJ.':.' |D{{Tu.-re'r.‘i-f: N _'?Dpvp or "'.rn |D{{Tu.-re'r.‘i-f: = anvH

Note in this case, the opposite sign for electrons and holes
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Total current

In general, current can flow by drift and diffusion sepa-
rately. Total current:

dn
dx

Jn = ‘]Sﬂft + Jg-éff = gqnu, v + gDy,

Jp _ J;fr.jft 4 ]ﬁsz _ qp,upE . qudI;
And

Jtotaf — Jn + Jp
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FEinstein relation

Einstein relation In semiconductors:

D, D, kT

2 _ E Hn Hp q
2 q
ﬁ—T = thermal voltage V]
kT -
At 300 K —— ~25 mV

For example: for Ny = 3 x 10'° em=3:
(1, ~ 1000 cm?/V -5 — D, ~ 25 cm?/s
400 em?/V - s — D, ~ 10 em?/s

Hp =

https://fb.com/tailieudientucntt
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Energy

Equilibrium Concept

E_-E. varies with position

Ln(Np)

I~

> X

F::ucr electrons, but higher energy

E. w electrons, but lo
Ei
E

~_FE
E. ~__

CuuDuongThanCong.com

llll-

X

Consider a non-uniformly doped semiconductor.

Since the electrons (or
holes) are free to move
anywhere in the material,
the average energy of the
electrons can not change.
If the average energy did
change from one position
to another, there would

. be a net motion of

WEr energy

electrons from high
energy toward low
energy.

E; must be constant when
no current flows!

https://fb.com/tailieudientucntt



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Equilibrium Concept

*Remember:
*No net current can flow otherwise we have a “perpetual
motion machine”.
*But dEc/dx i1s nonzero so we have a drift current
component.

*The drift current component MUST be balanced by a
diffusion current component!

E
P
® Jn|Driﬂ

Jn|DiFFu5iun —_— EL\\‘
- o _

Ln(Np)
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Equilibrium Concept

Additionally, since electrons and holes operate “independently of
each other”,

J i pitrusion T Jalpr=0  and ‘]p|DiFFu5iun + ‘]p|Driﬂ=0

*Thus, for non-uniform doping in equilibrium, we have:
E. i1s constant

N0 net current

Carrier Concentration gradients that result in a diffusion
current component.

« A “Built in” electric field that result in a drift current
component.

*BOTH electron and hole components must sum to zero. L.E.
J =] =0
n “p
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Equilibrium Concept

Consider the case for electrons:

|Ef=Ei |/ &T

dn
""ir:zlﬂl‘_f.ﬁ' + ”Iirﬂl Diffusion qi, nk + quz E =0
dE.
but _L1as and n=ne
g dx

Thus, taking the derivative of n,

dn _ n, o EF-Ei) .e.-r(d‘E_f _ dEf)_ dn

E_E L dx itﬁ_g

= —inE
kT
Thus (%) becomes,

u,(gnE)=(gnE)D, - =0

1l

i

kT

and

dE..r _ []

dx

o\ Ef=Ei)/ kT (ﬁ
dx

M

kT
or.
Dk ‘ D - ‘ ‘
- = E Likewise for holes, —— = E E11“15t-'+:11“1 )
U, q 17 q Relationship

CuuDuongThanCong.com
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Equilibrium Concept

Other “need to knows”
kT = Energy (thermal energy)
= (8.617x107° eV/K) (T in K) [eV]
= (8.617x107° eV/K) (1.6x10°"° J/eV)T in K) []]
kT/q = Voltage (thermal voltage)
= J/coulomb
=J/(J/V)=volts

D_ = Diffusion coefficient [cm?/second]

Example:
For Si, p ~1358 @ 27 C ====>
D_=(0.0259 V) (1358 cm?/V-second) = 35.2 cm?/Second
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Macroscopic understanding

In a perfect Crystal
=0
O —> OO

It is a superconductor

CuuDuongThanCong.com

Carrier Mobility

Microscopic understanding

_
=
Im

m_{ m_ in general
m;; n —type
m,; p —type

https://fb.com/tailieudientucntt
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« A perfect crystal:
a perfect periodicity
the potential seen by a carrier is completely periodic.

the crystal has no resistance to current flow and behaves as a
superconductor. The perfect periodic potential does not impede the
movement of the charge carriers.

« The presence of impurities, interstitials, subtitionals, temperature
—> creates a resistance to current flow.

N2 2 4

The mobility has two component

AN
v )

Lattice interaction component Impurity interaction component
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Mobility variation with temperature

LA H oA
> T > T
High temperature Low temperature
In(x) 4
1 1 1 i
- = + Peak depends on
122 H H, y2n the density of
impurities
| ¢ >
This equation is called as In(T)

Mattheisen’s rule.
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Mobility variation with temperature

» Electron-phonon:

— Very temperature
dependent

— Phonons are lattice
vibrations 1 1 1

— At low temperatures, . = . + .
lattice Is “perfecﬂy still” total electron— phonon impurity
* Impurity scattering

— Temperature
independent

— Depends on impurity
concentration

CuuDuongThanCong.com https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Mobility variation with temperature

At high temperature > U component becomes
(the lattice warms up) L significant.

K| decreases when temperature increases.

3 3
1, =C, xT 2 ST 2 C, is a constant.

. -1.5
ltis calledasa T ~~ power law.

—> Carriers are more likely scattered by the lattice atoms.
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Mobility variation with temperature

At low temperatures =) L, component is significant.

lul decreases when temperature decreases.

3
A, = C2 xT 2 C, is a constant.

—> Carriers are more likely scattered by ionized impurities.
» The peak of the mobility curve depends on the number density of ionized
impurities.

 Highly doped samples will therefore cause more scattering, and have a lower
mobility, than low doped samples.
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MOBILITY (cm2/V-s)

iR, T=300K}
i e~ At low impurity concentration,
~-".\‘N.~ B . .
= Mo electron-phonon scattering dominates
At high impurity concentration,
= impurity scattering dominates.
Fol T s
T A SR 1 | 1
- — mEs g = -+
.t [ <uj N
h T iotal C ddoction= phonon z-impuri ty
180 0 ¢ g— F L—FLn .;.‘
| GoAs 1 [T
= 3 =2
LI [T
1 0l5 1 016 4 0i7 1 018 1019

IMPURITY CONCENTRATION (cm-3)
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Cremerol Serrricorredl ecfor
Classificarior Sowverndaerd MNearme
{1y Elermental Si Silicon

3= FeErmmeanimrm

2 Compounds
(a) IW-IN ... ... .. .....51C
() III-% _ . ... ... ......AlP

Al s
ANk
N
Cralf
Gass
GaSh

I

Indss
InSh

ey II-WT... . ..cccnan. Folh
Zns
ZnSe
ZnTe
Cds
CdSe
CdTe

HgS

(dy IV-%T..............PbS

PhSse
PbTe

Silicon carbide

Aduminum phosphide
AdJuminum arsenide
Aduminum antimonide
Gallinm nitride
Crallium phosphade
CGrallinm arsenide
CGallivnm amntimoniade
Imdium phosphade
Imdivum arsenide
Tnmdivurm antimonide
Zamc oxide

Zinc sulfide

Zinc selenide

imc tellinricdes
Cadmaum sulfide
Cadmiunm selenide
Cadmaum telluride
Mlercury sulGde

Lead sulfide
Lead selendade
Lead velluride:
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(3) Alloys

(a) Binary _....
(b) Ternary ....

Sl - Ge,

Al Ga, __As (or (a,_, Al, As)
Al In, __As (or Im; _ _ Al _As)
Cd, _ ,Mn,Te

GaAs, P,

Ga, In, _ _As (or In, _, Ga, As)
Ga,In, _ P (or In, _ Ga_P)

Hg, _ Cd, Te

Al,Ga, _,As,Sb, _,

Ga,In, _, As,_ P,
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Mobility - Aside

* Note that p,> p,

Electrons are faster than holes.

P-type and n-type devices operate the same.

However, n-type devices are faster.
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Our First Device: p-n Junction Diode

N-type material

P-type material

N-type material

P-type material

A p-n junction diode is made by forming a p-type
region of material directly next to a n-type region.

CuuDuongThanCong.com
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Bringing p- and n-Materials Together

Equilibrium energy band diagram for the pn junction

Np=Ng

Np

Ny

(F._F.
n= {:xp‘EP E'W
\ /
(F_F)
p= cxp‘E' EFJ
\

E= same everywhere
under equilibrium

Join the two sides of the

band by a smooth curve,

CuuDuongThanCong.com

Large  concentration  gradient at

boundary

Gradient causes electrons to diffuse
from n to p and holes to diffuse from p
ton

p-type material is negatively charged
with fixed acceptor ions in the vicinity
of pn-boundary.

n-type material is positively charged
with fixed donor ions near the junction

Electric field across the boundary
directed from n to p-region

Counteracts the diffusion of holes and
electrons as It causes electrons to drift
from p to n and holes to drift fromn to p
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Our First Device: p-n Junction Diode

Np-Ny
ND

N,

Junction

In regions far away from the *“junction” the band diagram looks like:

CuuDuongThanCong.com
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Our First Device: p-n Junction Diode

But when the device has no external applied forces, no current can flow.
Thus, the fermi-level must be flat!

We can then fill in the junction region of the band diagram as:

Ef
: E,
E, E,
E———————— E,
E

or...
99
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Our First Device: p-n Junction Diode

CuuDuongThanCong.com https://fb.com/tailieudientucntt
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Our First Device: p-n Junction Diode

Electrostatic Potential,
V= -(I/q)(E.-E)

Vg or the **built

in potential”
>

X 101
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Our First Device: p-n Junction Diode

Electrostatic Potential,
=_( 1 fq)(Ec_EreF)
A

-

Vg or the *built
in potential™

>
, + X
Electric Field
=-dV/dx
r
>
X

102
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Our First Device: p-n Junction Diode

Poisson’s Equation:

Electric Field Charge Density (NOT resistivity)

\ o dE

V-E:L f::n'f*'if'nHf),,—zL
dx K ¢

K ¢
XN U\
/ Permittivity of free space

Relative Permittivity of Semiconductor
(previously referred to as gp)

p=q(p—n+ Np—N, )

CuuDuongThanCong.com https://fb.com/tailieudientucntt
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Our First Device: p-n Junction Diode

Electric Field, E=-dV/dx

Y

.
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Our First Device: p-n Junction Diode

Energy

l -1/q

Potential

-dV/dx

Electric Field

ke £
| dx

L 4

Charge
Density

105
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Movement of electrons and holes when forming the junction

©d ofE od o@
o o g ol
©8 OB @ om
Sd O o o@

Circles are charges free to move

{electrens and holes)

B9 8@ Be P2
B® 5@ p® B®
B9 B8 B® P®
B 8@ B B

Squares are charges NOT free to
move (ionized donor or acceptor

atoms)

()

Electron diffusion

-—

High hole g®
Concentration

e p@
a8e B
B8e @

E® 5@

©@ o c@ o@

cE o8 o@
el of ol
cEH o8 o@

o
o

Hole diffasion
(b)

ae
=l
ae
=)

B®
=]
Be
Be

B89
=(c 3
B89
=N

moDom

o8 ed
‘0@ o3
0 ed
0f o3

BEEE| -

ca
(=20
(=55
o8

High electron
Concentration

Local region of / = \ Local region of

positive charge

negative
charge due to
imbalance in
hole-acceptor
concentrations

T

2

due to

imbalance in
electron-donor

7‘/ concentrations
+

x

Space Chargg or Depletion Region
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PN Junction: No electrical bias applied

NOR02080 L010, LOSOL 00,
Gg02080 Foo legos oo
10200080 L0 :

CROROR0 0 i 0a0s0 20,

P-type N=-type
Mostly B & free holes Mostly As & free electrons

&
2
&

e
b
bid

- Diffusion effects - The holes and elecfrons move from area of high
concentration to areas of low concentyation.

p form an area depleted of free
d blocks any further flow of

- Holes & electrons annihilate each oth

charge. This is known as thedepletion region g

charge carriers across the juncTio
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PN Junction: Asymmetric junction

O siAtom - An asymmetric junction occurs where the dopant concentration on

O 43 Atom one side is higher than on the other.

O B atom - Here, there are more As atoms than B atoms.

& Free electron

@ Free hole - Electrons & holes must annihilate in pairs
ogp Q.00 QO ogo ooooogoqpo
OO0 QO OO0 OO 08 OOOO% O00O0
O 00 @0 00,0 QOO0 T 00D O
QO OGP0 OO 00 OQROD 0800000800
O 00 QPO OO O® O go OOCO 000000
F00 @0 00 OO0 GO VO oogoocﬁbooo
O 00 Qogooqoqp O OD OO 00000
OO0 PO OO OO OO OO OO%OOOOOO
O OO0 QO OO0 OO OO0 OO O O 0QOO0
O 00 QO 00 TO GO OOPO OO DO OT 00O

There are more electrons than holes near the junction. This means the electrons will
have to travel deeper into the P-type region to create pairs reducing the width of the

depletion region on that size
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Movement of electrons and holes when forming the junction

= - dV/dx
-Edx=dV
X, Vix,) . . y .
- j_xpEdr = j}r[_x;ﬂ/ = V(x,)-V(-x,)=V,
buit...
dn No net current flow
Sy =qunk + gDy AN 0 equilibrium
dn dn
E:_D-‘-' iz_ﬁi
f,oon g n
thus...
dn
kT pnix)

pr'&'f - _.[: .E(III - ? Hi—Xx, ) i

CuuDuongThanCong.com

ﬁ@f:kr ln{ n(x,) }

q n(—x,)
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Movement of electrons and holes when forming the junction

) N
v, zﬁln Lrﬂ] :Eln o ENN

r g n—x, q "

N N
V.E-' zﬁln _ A" D

i P

4 &

For N ,=N,=10"*/cm~ in silicon at room temperature,

For a non-degenerate semiconductor, |-qV,[<|E,|

*Note to those familiar with a diode turn on veltage: This 1s not the diode turn on voltage!
This is the voltage required to reach a flat band diagram and sets an upper limit (typically an
overestimate) for the voltage that can be applied to a diode before it burns itself up.
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Movement of electrons and holes when forming the junction

Depletion Region Approximation

@ O

\0’. o’fft ::t Soeo

R ———

0BG G S _
\_‘_J

Depletion Region Approximation states that approximately no free carriers exist in

the space charge region and no net charge exists outside of the depletion region

(known as the quasi-neutral region). Thus,

dE : : - : :
=L _ 4 (p—n+N,—N_)=0 within the quasi — neutral region

dc K e, K&

o O

becomes...
dE

-9 (N, =N ,) within the space charge region
dx K g,

111
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

4 Np— Ny
. o o
gN, for—x,<x<0
. > X
p=+5 gN, forO<x<x,
0 forx<-x,and x 2x,
_N.."-'ﬁ.
thus,
| = j\‘.r . {:ﬂ]
A} Jor—x, <x<0
K¢
dE N, 1
P B AP for 0<x<x,
dx K.e, 4N
. =X
0 forx<-x,and x2x, ; xR
Whera we have used:
£ L
dr  Kgzs, —'fi"NA
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

X X — 'T
f”dE‘: U AFIPN for —x, <x<0

) —X K Eﬂ

—agN
E(x)_Q_E(x+x ) Jor —x <x<0 $¢

S0 -
and P10 " > X

T
j j q\ﬂ dx' for0<x<x,
E[ﬂ X
~)

E(x)= ANy (xﬂ—x) for 0< x<x,

K:e,

Since E(x=0")=E(x=07)
Nox,=Npx,
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

dV
E=-
dx
N ,
g7 [r +x) for—-x,<x<0
dF— KE'E{.I
—a -
N ,
ax 9 p x,—x) forO0O<x<x
K.’i'gﬁ
or,
Vix) N,
dv'= | 9 [r +x}:it: Jor —x, <x<0
Jo K e
Vi < qN,, o :
Ydy = | 4o x, —x')dx' for0<x<x,
»F{x] w3 £
™a
.aﬁ"l"r r | "
q—’*[x +xf  for—x, <x<0
2K e, " " ' r
et g
V(x) = .
V., - 90 x, —x) for0<x<x
EK_'S'E-H

CuuDuongThanCong.com
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X

Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

At x=0,
e oy
Using, x, = (x, r%fd
ZK; - N, (aii V) ZK; - N, (f‘;\i N,) "
I /) NV, +N,),

q N N,
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Movement of electrons and holes when forming the junction
Depletion Region Approximation: Step Junction Solution

Va dropped here

Negligible voltage drop (low-level injection) Negligible voliage drop (low-level injection)

Negligible voltage drop Ty \ _— / — Negligible voltage drop

{ohmic contact) {ohmic contact)
P N
Y/
Py =
V ,=0 : No Bias V,<0: Reverse Bias V>0 : Forward Bias
A
— VA
| Vi ) — thi
N Vi
_‘-H-H'"l-.._
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

Thus, only the boundary conditions change resulting in
direct replacement of V,, with (V .-V ,)

K N 2K N
_Iﬂ _ \/ _E'Eﬂ : : A 5 [V:"Jr' - LIA) and IF = ‘j SE{J . , £ . [V:-'Jr' -V
g N,(N,+N,) g N,N,+N,)

A A

H‘F=IF + X, =J2K}i‘£a {‘\" Ar+:!\'D)[p;r_ _VA)
q ‘h'"',az‘h"'ﬂ
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Movement of electrons and holes when forming the junction

Step Junction Solution: What does it mean?

Consider a p™ -n junction (heavily doped p-side, normal or lightly doped n side).

| |
P il g
¥ |
3 »| VA<O
e W—> Vy=0
je—— V1 >0
(a)
AP

T ~ |

——

: S
L VA<0
VA=O

VA>O

CuuDuongThanCong.com

VA>O
AE Va=0
;— VA<O
) ] > X

’
7
7

VA<O
VA=
VA>0

> X
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Movement of electrons and holes when forming the junction

Step Junction Solution: What does it mean?

Fermi-levelonly \ c

applies to equilibrium lEF
(no current flowing) S A L
(a) Equilibrium (Vj = 0)
Majority carrier W v
<
« ._ -~ || Lt sl bk i e X E n
Quasi-fermi Ery P 2
levels e E
(b) Forward bias (Va > 0)

Efp'Efn='qVA '<

(c) Reverse bias (V4 <0)

119
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PN junction under various bias conditions

V=0 V>0
| | | |
£ E

p n .

Hole diftusion current Hole dittusion current

L -

Hole drift current Hole drift current

- F

Electron diffusion current Electron diffusion current

T
Electron drift current

e
Electron drft current

CuuDuongThanCong.com

e

Hole diffusion current

L]
Hole drift current
1

Electron diffusion current

e
Electron drift current
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PN Junction: Asymmetric junction

O siAtom - An asymmetric junction occurs where the dopant concentration on

O 43 Atom one side is higher than on the other.

O B atom - Here, there are more As atoms than B atoms.

& Free electron

@ Free hole - Electrons & holes must annihilate in pairs
ogp Q.00 QO og0'ooooogoqpo
OO0 QO OO0 OO 08 OOOO% O00O0
O 00 @0 00,0 QOO0 T 00D O
O OGP0 OO 00 OROD 0800000800
O 00 QPO OO O® O go OOCO 000000
F00 @0 00 00 GO VO oogoocﬁbooo
O 00 Qogooqoqp O OD OO 00000
OO0 PO OO OO OO OO OO%OOOOOO
O OO0 QO OO0 OO OO0 OO O 800 OO0
O 00 QO 00 TO GO OOPO OO DO OT 00O

There are more electrons than holes near the junction. This means the electrons will
have to travel deeper into the P-type region to create pairs reducing the width of the
depletion region on that size
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PN Junction: Forward Bias

O sSiAtom

O As Atom © Apply an external forward bias
O E atom ~ Positive voltage to P-type,
@ Free electron —~ Megative voltage to N-type
@ Free hole
00 PQOC ) OO OO0 OO
OO0 QO OC | OOOO%
OO0 QO OC =DQO0 @
OGO OC DO ooooo
@-0 PO GO OO OO
o) DO 08 00OV O
O QO DO OO OO0 000
O QO OC DO O OOOOO
OO0 @O O¢ PO O g
OO0 QO OC DO OO0 00O O

- -ye Voltage feeds in electrons,
- +ye voltage "pulls” electrons across barrier
- Vice Versa for holes

- Depletion
shrinks
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OEJATGm
O Az Atom
O B atom

& Free electron
& Free hole

PN Junction: Reverse Bias

Apply an external reverse bias
—~ MNegative voltage to P-type,
— Positive voltage to N-type

®
O
00000

O 0GRO0 OO0 O O
3

0 00 GHORP 858
)

OO0 00 OO®O
O 00 0Q OO
O 00 OO0 O

QOO O

- +ye Voltage pulls electrons from the junction
- This widens the barrier = harder to pull electrons over barrier
- Vice Versa for holes

123
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P-n Junction I-V Characteristics

In Equilibrium, the Total current balances due to the sum of the individual components

nvs E

il 03 —l e

0 ©
___________ 2 — ® 0 @ E.
\“ EF
PR e B ey o O e O E.
O O OGS '
OO__*—) 5
Vv

) e

(a) Equilibrium (Vs = 0)

124
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P-n Junction I-V Characteristics

y nvs E Current flow
= - is proportional
= L e N to elVa'vref) due
TR A e E. to the
____________ o exponential
REE ot i v E decay of

carriers into

0 IO R g the majority
v

© O ——t carrier bands
o .
1p —l-
Current flow is
dominated by majority —_
carriers flowing across P N
the junction and 1
becoming minority {g
carriers Va >0

(b) Forward bias (V > 0) 125
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P-n Junction I-V Characteristics

Current flow

; ® —
1S constant

due to
thermally
generated
carriers swept
out by E-
fields in the 0 0e—=

depletion O 0—
region ' R —

Current flow is
dominated by minority
carriers flowing across
the junction and
becoming majority
carriers

CuuDuongThanCong.com

(c) Reverse bias (V5 < 0)
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P-n Junction I-V Characteristics

Where does the reverse bias current come from? Generation near
the depletion region edges “replenishes™ the current source.

I/
- —
®— 'l
ey ST T
Ay
><<-—O<—O<—O<—Oo
®—>0—>0—>0—
!
‘_—
\\ET.Z o e G-
_J _________ ._,
\ ~—@ lI @ /
~—@® N o
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P-n Junction I-V Characteristics
Putting it all together

A . ; ;

1 Forward Bias: Current flow is
proportional to eV due to the
exponential decay of carriers into
the majority carrier bands

<— Exponential

Reverse Bias: Current flow is

constant due to thermally

generated carriers swept out by

E-fields in the depletion region

g - VA
? Current flow is zero at no applied voltage
Constant

= lo(eVa/Vref L l)

128
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PN-junction diodes: Applications

Diode applications:
— Rectifiers
— Switching diodes
— Zener diodes
— Varactor diodes (Varactor = Variable reactance)
Photodiodes
— pn junction photodiodes
— p-1-n and avalanche photodiodes
Solar Cells
Light Emitting Diodes

[ .asers
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Depletion Capacitance

« When a reverse bias Is applied to p-n junction diode, the
depletion region width, W, increases. This cause an increase In
the number of the uncovered space charge in depletion region.

* Whereas when a forward bias is applied depletion region width
of the p-n junction diode decreases so the amount of the
uncovered space charge decreases as well.

« S0 the p-n junction diode behaves as a device in which the
amount of charge in depletion region depends on the voltage
across the device. So it looks like a capacitor with a
capacitance.
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Charge stored In

Q coloumbs

Capacitance in V

farads \oltage across the
capacitor in volts

@,
|
|

+ Capacitance of a diode varies with W (Depletion Region width)

+« W (DR width varies width applied voltage V)
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Capacitance per unit area of a diode ;
.. F
C — _Si
DEP W sz
For one-sided abrupt junction; e.g. N, >> Ny =x, > W =X
N X, = NpX,

Coer = Esi o st X = 2&5iViy for N, >> N_
W Xn aN
The application of reverse bias ;
& gesiNp
Coep =
2(\/bi +VR)

\/253i (Mpi +VR) —
aN
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If one makes C -V measurements and draw 1/C?
against the voltage V,;obtain built-in voltage and
doping density of low-doped side of the diode from
the intercept and slope.

slope = 2 V,, =k—T|n(NA|2\|D)
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*Why a Schottky?

*Minority Carrier Charge storage in p-n junctions tends to
limit the switching times of p-n junction diodes

*Turn off times limited by minority carrier lifetimes

*Schottky Diodes have little (no) minority carrier stored
charge and thus have application in fast switching

applications (motors, etc...)
*Cheaper

+Disadvantages:
*Generally higher leakage currents

*Generally lower breakdown voltages

134
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Metal-semiconductor (MS) junctions

*P-N junctions formed depletion regions by
bringing together two materials with dissimilar
fermi energies, allowing charge transfer and
subsequent alignment of the energy bands.

Several other combinations of such materials
can also form *‘useful junctions™.

— Schottky Diodes (metal-semiconductor junction)
— Ohmic contacts (metal-semiconductor junction)

— Thermocouples (metal-metal junction)
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Ideal Metal-Semiconductor Contacts

....... T_ Y K _%T

. 7

Meral Sennconductor

Assumptions - Ildeal MS contacts
*Metal (M) and Semiconductor (S) are in intimate contact, on atomic scale
*No oxides or charges at the interface (very bad assumption in some cases
— some interfaces are dominated by interfacial oxides or interface charge).
*No intermixing at the interface (in some cases, it 1s impossible to put a
metal on a semiconductor without some exchange of atoms — intermixing-
occurring)
*These assumptions require ultra-clean interfaces otherwise non-ideal
behavior results (fermi-level pinning of III-V compounds 1s common for
example) 136

CuuDuongThanCong.com https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Definitions

* Vacuum level, £, - corresponds to energy of free electrons in
vacuum.

* The difference between vacuum level and Fermi-level 1s called

workfunction, @ of materials.
— Workfunction, ®@,; is an invariant property of a given metal. It is the minimum
energy required to remove electrons from the metal. (Lowest value is 1.95eV for
Cs, 3.66eV for Mg, 5.15eV for Ni, and highest value 1s 5.7V for Pt, etc.).
Electron density varies with crystallographic orientation so the work function
varies with ornientation as well.
*» However, since the electron concentration depends on doping
in a semiconductor, the semiconductor workfunction, @_.

depends on the doping.
Og = x+(Ec—LF)FB

where ¥ = (E;, — £¢)|surpace 1S @ @ fundamental property of the
semiconductor. (Example: y =4.0 eV, 4.03 eV and 4.07 eV for
Ge, Si and GaAs respectively)
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Energy band diagrams for ideal MS contacts

| n-type = | netype
| semiconductor semiconductor
................. _—ff E,
[ X @
Dy | E
____________ Ers
Frn 7 2
___
. i
(a) (c)

£
""""""" E;
7 %"
b) )  Figure14.2
Schottky Ohmic
(I)M - (I)S (D_\.1 < (DS

An instant after
contact formation

Under equilibrium
conditions
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MS (n-type) contact with ®,, > O

Soon after the contact formation, electrons will begin to
flow from the semiconductor to the metal.

The removal of electrons from the n-type material leaves
behind uncompensated N, donors, creating a surface
depletion layer, and hence a built-in electric field (similar
to p™-n junction).

Under equilibrium, the Fermi-level will be constant and no
energy transfer (current) flows

A barrier @y forms blocking electron flow from M to S.
Based on the Electron Affinity Model (EAM), the simplest
of models used to describe MS junctions, @y =D, — ¥

ideal MS (n-type) contact. @y is called the “barrier
height™.

Electrons in a semiconductor will encounter an energy
barrier equal to @,,— ®¢ while flowing from S to M.

139
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I-V Characteristics

e
D—'}—_._-,n‘ < el s E{'}c
- %d oo fx
Crn 3RS PESNSARNSAAS T4V,
q Ey,
'El.‘" m .

Metal

Semiconductor

Schottky

pn junction
diode

diode

Since MS Schottky diode is a majority carrier device (i.e only majority carriers are
mnjected from semiconductor to the metal) and thus has no minonty carrier storage, the

frequency response of the device is much higher than that of equivalent p* n diode.

The *turn on voltage™ of a Schottky diode is typically smaller than a comparable p-n
junction since the barrier to forward current flow (@ - ) is typically small. This “turn

on” voltage can be as small as 0.3 Volts in some Si Schottky diodes.

This makes a Schottky diode the best choice for power switch protection in inductive
load applications (motors, solenoids, coils, etc...) and in high frequency rectification but
not a good choice when low leakage or high breakdown voltage is required.

CuuDuongThanCong.com
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I-V Characteristics

i

pn junction

Epy === ==mm———taa Tunncling diode

Metal

05V 07V V,

Leakage in a Schottky diode is dominated by:

1)  “Thermionic Emission™ (metal electrons emitted over the barrier — not likely)

2)  “Thermionic Field Emission” (metal electrons of higher energy tunneling through
the barrier — more likely)

3) “Direct tunneling” (metal electrons tunneling through the barrier — most likely in
higher doped semiconductors or very high electric fields).

Since generation does not require the entire bandgap energy to be surmounted, the
reverse leakage current for a Schottky diode 1s generally much larger than that for a
ptn diode. Likewise, breakdown (for the same reason) is generally at smaller
voltages.

141
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MS (n-type) contact

A forward bias will reduce the barrier
height unbalancing the electron current
flow, resulting in a huge forward current
that increases exponentially with applied

voltage

A reverse bias will increase the barrier
height resulting in a small “reverse
current” flow that will be dominated by
tunneling currents for high doped
semiconductors and/or thermally assisted
field emission for moderate/low doped

semiconductors.

CuuDuongThanCong.com

Metal (B "1¥PE
gk = semiconductor —é—

(@)

= Vn,

(clp
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Ohmic Contacts: MS (n-type) contact
with @ ,, < @

There 1s no barner for electron tlow trom the

semiconductor to the metal. So, even for a
small V', > 0 results in large current.

The small barrier that exists for electron flow
from metal to the semiconductor, but

vanishes when V,< 0 is applied to the metal. Py < Ps
Large current flows when V,<0. E. Eg
The MS (n-type) contact when @, < ¢
behaves like an ohmic contact, E;
Lack of depletion (accumulation occurs) : o7 7 oy
means (essentially) no rectification. /
‘-‘1'-';.,1*::1135 | .
E,
Er VA
-------------- E;
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Generalization of Metal
Semiconductor Contact Energy

Relationships
n-type p-type
@, > D5 | rectifying ohmic

Dy < Ds ohmic rectifying
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Schottky Diode Electrostatics

1 P
i = — |Pp —(Ec — Ep)es] A
q gNp
» X
p xgNp for 0<x<W =W
= () for x>W y — O-function of
negative charge
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Schottky Diode Electrostatics

. AT 4
dE =P _ 4ND for 0<x<W .
dx egi &g A W
- X
E = QND(;{—H) for 0<x<W
ESI
N ) E —E. )
V(x)=q% [H{x-lx-]- (( - f)““ +V, | for 0<x<W
&si 2 \ q V

A

0

—Vbi
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Schottky Diode Electrostatics
Vix)= 4Ny [W:x —%f] —[[ (E" _ff )*"'ﬁ J + Vh} for 0<x<W

V
A

Eg;

il )
E; T (E,_. = EF:'I"B

E.

2

v
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Example

Find barrier height, built-in voltage, maximum E-field, and the
depletion layer width at equilibrium for W-Si1 (n-type) contact.
Given: ®,,=4.55eV for W; %(Si) =4.01eV; Si doping = 10'cm™
Draw the band diagram at equilibrium.

Solution:
Find E,.—E, E.—E =0.357eV
Find E.— E; E-—E=0.193eV

O, = D, —y =0.54eV

“c ~ EF)ri

Ve, =0347V
W=0.21 um
Ex=0)=E

max

=34 x10*V/cm
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I-V Characteristics

E‘?VA (-l}B
]
I = 1. |e kT -] where [. = A4 T?e AT

=

\

where @y i1s Schottky barrier height, V', is applied voltage, 4 is
arca, and _4” is Richardson’s constant.

" =4ﬂqnjk‘ _120 f:‘

h cm K

where A

Note: A" 1s Richardson’s constant but often times, there 1s an extra prefactor /. which
accounts for quantum mechanical reflection of'the electrons approaching the potential
barrier and to a lesser degree varies with the band structure of the emitting material.
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I-V Characteristics

Dy ¥

AA'T? e 7 |e# —

I

Results from the emission
of electrons from the
semiconductor to the metal
over the barrier, qVy,. This
must balance the leakage
current at zero bias and
increases exponentially due
to diffusion current as the
barrier 1s lowered in
forward bias.
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Dy

AA'T? e 7

Results from the emission
of electrons from the
metal to the
semiconductor over the
barrier, @y

—_—

¥ o= ietal

#-lype
Semconducior

L

i

| - =V
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Details of Schottky Behavior

M e o E,
Forward bias . . .
5 B\, Note that the barrier height is
“m * ®
= (mostly) independent of bias.
Reverse bias
Ey,

lonized

donors A
" E,

™

-
VH
;

+

1116

Qss{

E, af — &
surface

dinddaa| | |||
ﬁumm
m

Surface charges resulting from broken bonds, surface contamination or even surface
oxidation can dominate band alignment making the EAM invalid. One common case 1s
the “fermi-level pinning” often found in II1-As and II1-P materials. In these materials,
the large numbers of surface states force the surface fermi level to become fixed
(pinned) at one energy position regardless of the metal used to contact the surface.
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Breakdown Mechanisms

Avalanche Breakdown:

Excess current flows due to electron-hole
pair multiplication due to impact
ionization. This current rapidly increases
with increasing reverse bias.

10
08 |
0.6}
T{uA) e
0.4
A
2% | NS 4
S0 40 30 20 -10 Ec
RN Eg,
0304060810
02 VA (valts) \—
A E,
{04 .
{a) Small reverse bias (b) [Va] = Vag
06
0%
10
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Breakdown Mechanisms

Zener Breakdown:

Excess current flows due to bonding electrons “tunneling™ into empty
conduction band states. The *tunneling barmrier” must be sutficiently thin.

This current rapidly increases with in

m

Parucle

i

creasing reverse bias.

_ Potemizal energy
—"""  barrier

)

Figure .13 Ceneral visualization of tunneling.
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Device

154
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- Two main categories of transistors:
* bipolar junction transistors (BJTS)
« field effect transistors (FETS).

- Transistors have 3 terminals where the application of current
(BJT) or voltage (FET) to the input terminal increases the
amount of charge in the active region.

- The physics of "transistor action" is quite different for the BJT
and FET.

- In analog circuits, transistors are used in amplifiers and linear
regulated power supplies.
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Transistors may be grouped into two major divisions: bipolar and
field-effect.

Bipolar transistors: utilize a small current to control a large current.

Field-effect transistor: utilize a small voltage to control current -
and then focus on one particular type: the junction field-effect
transistor.

All field-effect transistors are unipolar rather than bipolar devices.
That Is, the main current through them is comprised either of
electrons through an N-type semiconductor or holes through a P-
type semiconductor.
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Field effect: Induction of an electronic charge due to an electric field.

Field effect in planar capacitor Field effect transistor
. - < Gate

T -<]-- ++[++ Source e—"" = = = = \—s Drain
& & L]
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JFET
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TDrain
oD
J°
=0 +
n-type o
Gate o7 | ” G + [VDS
VGS -
J°
(L 0S
Source

Fig. 127. The n-channel JFET
representative physical structure (left) and schematic
symbol (right).

CuuDuongThanCong.com

The p-n junction is a
typical diode . . .

Holes move from p-type
into n-type . . .

Electrons move from n-
type into p-type . ..

Region near the p-n
junction is left without
any available carriers -

depletion region
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iDrain The depletion region is shown at left

for zero applied voltage (called zero
bias). . .
Gate e—P || » |[P Carriers are still present in the n-type
channel . . .
Current could flow between drain and
|Source source (if v, #0) . . .
Fig. 128. Depletion region Channel has relatively lowresistance.

depicted for vee = 0, vpe = 0.
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e As the reverse bias increases across
|Drain the p-n junction, the depletion region

width increases,

cate oo | Inl o Because negative voltqge alt the Gate

N pulls holes away from junction,

< = ye
V’fs 0= And positive voltage at the Source
[Source pulls electrons away from junction.

Fig. 129. Thus, the channel becomes narrower,
Depletion region for negative and the channelresistance increases.

Vs (reverse bias).
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TOrain With sufficient reverse bias the
' depletion region pinches-offthe entire

channel:
Gate ¢—» P Vss = Ve, pinch-off voltage
_+_
= The channel resistance becomes
Vs VP?_

infinite; current flow impossible for
any v, (less than breakdown).

J_Source

Fig. 130. Depletion region at . .
pinch-off (vgs = Vp). Typical values: -5< V,<-2
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'M'G_S: ﬂ

Yes :__1__,1'{.

1 /

Vgs= Vo

0 0.1 0.2

Vos V

0.3

0.4 0.5

Fig. 131. FET /-v curves for small
VDS-.

CuuDuongThanCong.com

Thus, the FET looks like a voltage-
controlled resistance at small values
of Vs .

This region of FET operation is called

the voltage-controlled resistance, or
[riode, region.
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Now, as vsincreases, the depletion region becomes asymmetrical:

[Drain Reverse bias is greater at the drain
i end, so the depletion region is greater
at the drain end.

Gateg—e| [n||e|] =0<vpe<|Vg

Thus the channel becomes more
restricted and, for fixed v, i-v curves
become flatter (i.e., more horizontal).

| L

lSr::urce

Fig. 132. Asymmetrical depletion
region as vpg increases.
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_ For vps = |V, | channel becomes
[Drair pinched-off only at drain end.

Carriers drift across pinched-off region
Gate oo | [a| |o| =vpez [V, under influence of the E field.

The rate of drift, and therefore the
drain current flow, is dependent on

Source : . .
i width of entire channel (i.e., on vgs),
Fig. 133.Pinch-off at drain end for but independent of vy!!!
Vps = Vo
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- Ves= 0
10 /
8
{E 4
._-‘5'6 Ves= =1V
4 /
2_ Vgs=—a V
0 | Ves= Vo
0 2 4 6 8 10

Vo s V

Fig. 134. N-channel JFET output
characteristics (2N3819).

CuuDuongThanCong.com

As v changes, the curves
become horizontal at different
values of drain current.

Thus, we have a device with

the output characteristics at
left.

Note that they are very similar
to BJT curves, though the
physical operation is very
different.
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JFET

Vs = reverse bias (negative)
Vps =0

Vs = reverse bias (negative)
Vps >0

L_Channel is pinched off
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L ] Iﬂ
_________ ————
S —— b0 + Ve
f—— 1
1 | FI b
Vg =0
Vas —T_Vl
}I\F—+,-l: In
o o ——
o - - +V_DS
_________ ™
I
S : I’ F‘+ ] 1
Vs = — V)
Vs —T —V;
DL In
I 1 ——
S——4 —————————— < p—0 +Vpg
I
—~ 1
1 L[ Pl |
Vs = Vs

V{;\S=D

Vs controls the channel width = V_ control |

CuuDuongThanCong.com
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I + T
P | {
S—— I p————O (+H)Vpe
———————— .
prm—— L B 1] /
B Vos
Ve =0
Vs = 0
I + ] =
l.i‘-_____rl_'__ -JJ _..-.I_D In <::_ Changing
S—et - b—————O (+H)Vpe gt - channel
o o ‘\I / resistance
—_— il P 1
B Vbs
V{_‘,:_g = 0
Veg =0
T Pinch-off
] -+ K
"-I:‘_ - ‘J : __,.I_D in ’,"' | Saturation
S n - _:":---—if]I O (++)Vpg ’ i region
1 | —a— /|

— l VD 5

After pinch-off: I,# f(V,); 1= f(V;) - current source 169
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BIPOLAR TRANSISTOR

170
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A Dbipolar transistor essentially
consists of a pair of PN Junction
diodes that are joined back-to-
back.

 There are therefore two kinds of
BJT, the NPN and PNP varieties.

* The three layers of the sandwich
are conventionally called the
Collector Base  Emitter

=2 u=

W= ="
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. E
. Three terminals:

« Base (B): very thin and lightly doped central region (little
recombination).

« Emitter (E) and collector (C) are two outer regions sandwiching

- Normal operation (linear or active region):
 B-E junction forward biased; B-C junction reverse biased.

* The emitter emits (injects) majority charge into base region and
because the base very thin, most will ultimately reach the
collector.

* The emitter is highly doped while the collector is lightly doped.
 The collector is usually at higher voltage than the emitter.
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prnp

Emitter Base Collector
E " C
+ p " p +
Emitter “emits™ holes Collector “collects™ holes

emitted by the emitter

Narrow Base controls
number of holes emitted

P
Emitter Base Collector
E ! C
L n p i
Emitter “emits”™ Collector “collects™
+ + emitted by the emitter
Narrow Base controls
number of emitted
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Operation Biasing polarity Biasing polarity
mode B-E junction B-C junction
_Acive | ] Fowad | . Reverse
Saturation Forward Forward
Cutoff Reverse Reverse

* Note: There is also a mode of operation called inverted (active), which is rarely used.

Active: Most widely encountered operation, e.g., as amplifiers.
Large signal gain, small signal distortion (i-v: flat region)

Saturation: Equivalent to an on state when BJT is used as a Switch
High current flow, Low voltage (in digital circuit “zero” logic level)

Cutoff: Equivalent to an off state when BJT is used as a Switch
Low current flow, High voltage (in digital circuit “one” logic level)
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. Active:

« Most importance mode, e.g. for amplifier operation.
* The region where current curves are practically flat.

. Saturation:

 Barrier potential of the junctions cancel each other out
causing a virtual short.

 |deal transistor behaves like a closed switch.

- Cutoff:
 Current reduced to zero
» Ideal transistor behaves like an open switch.
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Veg (pnp)
Vg (npn)

[

Four BJT operation modes vs.
input and output voltage combinations

(i.e. Operational modes can be defined based on
Base-Emitter voltage and Base-Collector voltage)

_ Ve (pnp) Note: the inverted (active) mode is rarely used.

Inverted

L 5

Common Emitter

Saturation

CuuDuongThanCong.com

- vHC (Hp.ﬂ)

Regions of the BJT CE output characteristics
associate with the four operation modes.

Saturati
I When Base current flows, a

Veg=0 Collector current can flow.

The device is then a current
controlled current device.

j’"r_[]

Vec (prp)
VCE- {ﬂp‘ﬂ_}

When there is no Base current, almost
no Collector current flows.
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How the BJT works

Emitter Collector

N

¢ Free Electron

o Free Hole

Collector

Emitter

NPN Bipolar Transistor

Figure shows the energy levels
In an NPN transistor under no
externally applying voltages.

In each of the N-type layers
conduction can take place by
the free movement of electrons
In the conduction band.

In the P-type (filling) layer
conduction can take place by
the movement of the free holes
In the valence band.

However, in the absence of
any externally applied electric
field, we find that depletion
zones form at both PN-
Junctions, so no charge wants
to move from one layer to
another.
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Collector

Apply a Collector-Base voltage

CuuDuongThanCong.com

What happens when we apply
a moderate voltage between
the collector and base parts.

The polarity of the applied
voltage iIs chosen to increase
the force pulling the N-type
electrons and P-type holes
apart.

This widens the depletion
zone between the collector
and base and so no current
will flow.

In effect we have reverse-
biassed the Base-Collector
diode junction.
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Charge Flow

1)

Main Electron Fl

o
ow l

Apply an Emitter-Base voltage

CuuDuongThanCong.com

What happens when we apply a relatively
small Emitter-Base voltage whose
polarity is designed to forward-bias the
Emitter-Base junction.

This 'pushes’ electrons from the Emitter
into the Base region and sets up a current
flow across the Emitter-Base boundary.

Once the electrons have managed to get
into the Base region they can respond to
the attractive force from the positively-
biassed Collector region.

As a result the electrons which get into
the Base move swiftly towards the
Collector and cross into the Collector
region.

Hence a Emitter-Collector current
magnitude is set by the chosen Emitter-
Base voltage applied.

Hence an external current flowing in the
circuit.
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Charge Flow « Some of free electrons crossing

the Base encounter a hole and

Collector

N

'drop into it'.

li Y

3

-

» As a result, the Base region loses
one of its positive charges (holes).

B

* The Base potential would become
more negative (because of the
removal of the holes) until it was

negative enough to repel any
more electrons from crossing the
Emitter-Base junction.

Some electron fall into a hole

* The current flow would then stop.
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Charge Flow

Collector

N

Some electron fall into a hole

To prevent this happening we use
the applied E-B voltage to remove
the captured electrons from the
base and maintain the number of
holes.

The effect, some of the electrons
which enter the transistor via the
Emitter emerging again from the
Base rather than the Collector.

For most practical BJT only about
1% of the free electrons which try
to cross Base region get caught in
this way.

Hence a Base current, Ig, which is
typically around one hundred
times smaller than the Emitter
current, Ig.

181


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

10V
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Input & Output

« We would want to know the collector current (ic), collector-
emitter voltage (V.g), and the voltage across RC.

 To get this we need to fine the base current (ig) and the base-
emitter voltage (Vgg).
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Input & Output

V() + Vg = is(OR + Ve 1)
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Input & Output

Vecm 1R+ Vg (D)
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MOSFET

186

CuuDuongThanCong.com https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

v Metal nMOS : Metal-Oxide-Semiconductor
l / /lnsulator \ J
R T %
+
T Semiconductor @@ / {
X

T p-type substrate
Ground e
B

Ohmic Contact

The MOS capacitor consists of a Metal-Oxide-Semiconductor structure:
 The semiconductor substrate as the bulk
* A thin oxide layer
* A top metal contact as the gate.
« A second metal layer forms an Ohmic contact to the back of the
Semiconductor
* The oxide is characterized as a semiconductor with a very large
bandgap, which blocks any flow of carriers between the semiconductor
(p) and the gate metal.

ongThanCong.com https://fb.com/tailieudientucntt
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Structure of an n-channel Si MOSFET

n-channel MOSFET
G

S T\ D
«— M
7 Idox lb «— 0O

+ — +
n n i

r p-type Si

An electron (n-type) channel is induced in the p-type semiconductor by
positive charges on the gate.

188

CuuDuongThanCong.com https://fb.com/tailieudientucntt


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Structure of a p-channel Si MOSFET

p-channel MOSFET

S D
;7 £

s n-type Si

A hole (p-type) channel is induced in the n-type semiconductor by
negative charges on the gate.
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The ideal MOS capacitor

MOS capacitor consists of
M Metal with work function @,

O The oxide is SiO,, also called silicon dioxide or silica. SiO, has a
large gap E; > 5eV. SiO; is transparent for all visible wavelengths.
Si0O; is a great insulator with a very high breakdown field.

S The semiconductor is Si. Work function ®@geqy

We consider here p-type Si.

Initially we assume that
[DM = ﬂ}semi

where o, is the metal work function
and

(bsemi iS the semiconductor work function.
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(1) Vs =0 (Equilibrium)
(Er = constant throughout structure)

I Ve ) A E vac
edpy e Dgem;
Ec
>
________________________ E

RSN MRS @) M EEVI-_ ............... TS - EIF

Ey
«Ey
M S
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(2) Vi > 0 (Accumulation)
The gate bias is negative.

This means that E¢ at the gate "goes up’.

M and S have much higher conductivity than O.

p(x) n; E(Es‘EF )/ kT (1)

Definition of surface potential = dg

=» Voltage between gate and channel drops mostly across the oxide

=» An electric field is generated in oxide.
.y

\_

EF—-—— R i‘"‘iﬁ“"}

gt

————————— t—'—'—'—'—'—'—'—'—'—EF

T

- = X

p(x) increases near the surface = Accumulation (i. e. we have an

accumulation of holes near the surface)

Fermi levels are different in M and S.

Fermi levels are constant within M and within S.

Ec

Ey

Surface potential energy = e dg = difference of bulk value of E and

surface value of E

CuuDuongThanCong.com

ACCUMUTLATION
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When bands bend upwards:

-
Eibu]k B Eisurtace _ E’(DS < 0 2)
N .
Fpis e o - £
F g-4e9
When bands bend downwards: eVGI et x>k
I o \ ) R N, =
Eibulk _ Eisuriac:e _ E‘(DS s 0 ) Ey
.
Under flatband conditions: | £
Og =0 (4)
Introducing dependence of the potential @ on the position x:
bulk
ed(x) = E -Ei(x) (5)
Oy = D(x=0) (6)
ACCUMULATION
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Using Egs. (1) and (5), one obtains ™
p(x) = n C(Ei-EF)/H e .
B - jeew =
B op(x)-Ee] [ 4T RN Ci—"
= n e A E,
(EP%_Eoy [kT  —e ®(x) [ AT - > X
= n e e
-e®(x) [ kT
px) = pg e )/ (7)

Since d(x) < 0, p(x) increases close to the surface.
That is, we have accumulation.

That is the result of Eq. (7) is consistent with band diagram.

ACCUMUTLATION
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(3) Vo> 0 (Depletion) g dg>0  D(x)>0
The gate bias is positive. Ec
Er “goes down” in the metal. 1/?
Semiconductor is depleted near surface. EF_.G_\./EL._G% '!/ E::,
< Wp>
=

The depletion layer thickness

Wy = | 25 @
A (8)

E: is near E,; at the surface.

=» Semiconductor is practically intrinsic at the surface.

BACK CONTAC
Recall Eq. (7). P(x) = poe *P & .

It is d(x) > 0 = p < py, that is, we have a depleted layer near the DEPLETION

surface. 105
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Onset of strong inversion: | eds =2 ed¢

-

The gate bias is position. Ec

e """""""I'q;,:" &

(4) Vo>>0. (Onset of strong inversion)

Er goes further down in metal. I

- -y

eVg }— eds

Semiconductor is depleted of holes near surface. < Wp >
Ec is closer to E- than to Ey at the surface. g

=» Semiconductor is n-type near surface

= Conductivity type of semiconductor is inverted.

Criterion for the onset of strong inversion:

ebg = 2edg (Onset of strong inversion) (9)

BACK CONTACT

where
bulk bulk
e = E;  —LEf (10)

INVERSION
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Onset of strong inversion: ed = 2 edp

(4) Vs >> 0. (Onset of strong inversic

The gate bias is position.

Er goes further down in metal.

Onset of strong inversion means that the semiconductor is as

strongly n-type at the surface as it is p-type in the bulk.
Using Boltzmann statistics

p = n o(Ei—Lg) [ kT

and Egs. (9) and (10), one obtains

eg = 2edy = Zlenﬁ

n; (Onset of strong inversion) (12)

At the onset of strong inversion, an n-channel begins to be formed at

the semiconductor surface.

CuuDuongThanCong.com

/

(11)

BACK CONTACT

INVERSION
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Onset of strong inversion: | e®dg =2 ed¢

/
/ Ec
e«:»; =
/ Ev
/

(4) Vo >>0. (Onset of strong inversion
The gate bias is positon. N
eVg
E: goes further down in metal. g N
The depletion layer thickness at the onset of strong inversion is given
by:
2 2 kT . N
o = C 20y = A, B PRt
' ‘ EJWFA t?i?\'rA e .F"Ii

e kT N
WD,max = 2\] ZN ]n”—A
e A 1

Wh. max 18 the maximum depletion layer thickness.

(13)

BACK CONTACT

INVERSION

A further increase in Vg will result in more inversion rather than in

more depletion.

CuuDuongThanCong.com
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(5) Let's go beyond the onset of strong inversion.

Strong inversion: eds > 2 edp
Electrons in channel
EC
A O e
......... ._..,.,.r.'_._._._._._._. e.q_)E_EF
/’I ‘ Ev
eV, X ;
EF _____ o
/* WD max™

Beyond the onset of strong inversion, electrons are filled into the
electron channel. The depletion layer thickness does not increase
further, i. e. Wp = Wh, max-

CuuDuongThanCong.com https://fb.com/tailieudientucntt
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Real MOS capacitor

Generally, there is a work function difference between metal and

semiconductor. That is
D M E= (DS
Work function difference Dyig = Dy —Dg
Banddiagiaioor®us=0') 3 N oo [~~~ Vacuum evel
e g §——— Vacuum level T-
__T___,// e‘q,s E'qJM Emﬁ
. o [
> =
eTM P C Novolage e EC  Flatband case
IR Y __E Voltage applied
F E(':DM_QJS} Y V=E{[I]M "Ilsj
= Ev L
| Ev
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Vo < M Vo< ¥ <N

BACK CONTAC

— —

ACCUMULATION DEPLETION INVERSION

BACK CONTACT
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EFEEHHH‘I
" Zonde ] 096V
‘I 405 eV
9Dt | 41 ev e :
E &
7 I E.l 1126V
Vg l ----- -------.Er
Metal Oxide Semiconductor

CuuDuongThanCong.com
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CuuDuongThanCong.com

ACCUMULATION
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e Ve ¥

Fikf

BACK CONTAC

DEPLETIOIN
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BACK CONTACT

INVERSION
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Basic MOSFET operation

* n-channel

— A positive voltage 1s applied to the gate thus
attracting electrons which form a channel
between the two n™ source and drain regions

* p-channel

— A negative voltage 1s applied to the gate thus
attracting hole which form a channel between
the two p™ source and drain regions
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Basic MOSFET operation

 n-channel

— Requires a gate voltage more positive than V
to create an electron channel.

* p-channel

— Requires a gate voltage more negative than V
to create an electron channel.
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Energy band diagrams and charge density diagrams MOSFET (n Si)

Accumulation

| x
(Vg > 0)
< E*Q
Mmiol s

Depletion
small
Vg <O
(<) d)
Holes
+Q
Onset of x
inversion
(Vg =V
— Q
(e) (¢p)
Holes
Ionized donors
+Q
2 x
Inversion
Vg < Vi)
—-Q
(2) (h)

Figure 16.5
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Energy band diagrams and charge density diagrams MOSFET (p Si)

Energy
band
diagram

Applied
dc
voltage

Charge
diagram

Name
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MOS Capacitor

Capacitor under bias Summary

Inversion Depletion Accumulation
‘ ‘ \Y

V; 0 ©

N-type material

Accumulation Depletion | Inversion
‘ ‘ \Y%

0 V; ©

P-type material
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