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* The MOS transistor (or MOSFET, i.e., MOS field-effect transistor) derives its name from the materials
involved in the early transistors of this type: metal, oxide (SiO2), and semiconductor.
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* The MOS transistor (or MOSFET, i.e., MOS field-effect transistor) derives its name from the materials
involved in the early transistors of this type: metal, oxide (SiO2), and semiconductor.

* In modern MOS transistors, the metal layer is often replaced by highly doped polycrystalline silicon, and
the oxide layer by a combination of SiO2 and SizN4 or by other insulators.

* The semiconductor is invariably silicon because it is relatively difficult to grow or deposit a high-quality
insulating layer on other semiconductors.

* We will consider the metal-SiO,-Si transistor.

* Note that the substrate contact is not shown explicitly; it is assmued to be an ohmic contact.
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* The heart of a MOS transistor is the MOS capacitor which consists of an insulator (SiOz), with a metal
on one side and a semiconductor on the other.
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* The heart of a MOS transistor is the MOS capacitor which consists of an insulator (SiOz), with a metal
on one side and a semiconductor on the other.

* The oxide thickness to, which is typically of the order of 100 A (i.e., 0.01 um), is crucial in determining
the behaviour of the MOS capacitor.

* The metal thickness — typically a few hundred nm — depends on technological considerations, but its
exact value is not important.
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* A voltage Vi is applied to the “gate” (the metal layer) with respect to the bottom ohmic contact called
“bulk” or “body” or “substrate” contact.
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* A voltage Vi is applied to the “gate” (the metal layer) with respect to the bottom ohmic contact called
“bulk” or “body” or “substrate” contact.

* We are interested in the charge distribution in the MOS structure for different V values.
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* A voltage Vi is applied to the “gate” (the metal layer) with respect to the bottom ohmic contact called
“bulk” or “body” or “substrate” contact.

* We are interested in the charge distribution in the MOS structure for different V values.

* We consider the structure to be one-dimensional, i.e., the variations in ¢, n, p are assumed to be only
along the y direction.
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* Metal work function ¢m: An electron requires energy g¢m,m to make a transition from the Fermi level to the vacuum
level, i.e., to be free of the attractive forces it experiences inside the metal.
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* Electron affinity xs: An electron at the edge of the conduction band in the semiconductor requires energy gxs to
make a transition to the vacuum level, i.e., to be free of the attractive forces it experiences inside the semiconductor.
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Example

Find the difference Eyac(—tox) — Evac(00) for a MOS capacitor in which
the gate metal is aluminium (¢m =4.1V), and the semiconductor is
(a) p-type silicon with N; =1 x 10*” cm~—3,

(b) n-type silicon with Ny =5 x 10> cm~3.

(T =300K)
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Example

Find the difference Eyac(—tox) — Evac(00) for a MOS capacitor in which
the gate metal is aluminium (¢m =4.1V), and the semiconductor is
(a) p-type silicon with N; =1 x 10*” cm~—3,

(b) n-type silicon with Ny =5 x 10 cm~3.

(T =300K)

Solution:

(3) qos = qxs + [Eg + kg T log (%)}
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n,
(b) q¢s = qxs + (Ec — EF) = 4.05 — kg T log (ﬁ)
c
5 x 101%
2.8 x 1019

— Evac(_tox) - Evac(oo) = Cl(¢m - ¢5) = —0.17eV.
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Example

Find the difference Eyac(—tox) — Evac(00) for a MOS capacitor in which
the gate metal is aluminium (¢m =4.1V), and the semiconductor is
(a) p-type silicon with N; =1 x 10*” cm~—3,

(b) n-type silicon with Ny =5 x 10 cm~3.

(T =300K)

Solution:

(3) qos = qxs + [Eg + kg T log (%)}

v

1017
=4.05+ |1.124 0.0258 x log ( ————— )| =5.05eV.
- { N o8 (1.04 X 1019” ¢
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c
5 x 101%
2.8 x 1019

— Evac(_tox) - Evac(oo) = Cl(¢m - ¢5) = —0.17eV.

Home work: Draw the band diagram (to scale) for this case.
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MOS capacitor: flat-band voltage
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MOS capacitor: flat-band voltage
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MOS capacitor: flat-band voltage
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Given that there is a built-in band bending in a MOS capacitor, can we
do something to make the bands flat?
— Yes, we can apply a gate voltage.

* The flat-band voltage Vfg is equal to the gate voltage Vi (with

respect to the body contact) which is required to make the band
edges (Ec and E,) flat.
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MOS capacitor: flat-band voltage
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Given that there is a built-in band bending in a MOS capacitor, can we
do something to make the bands flat?
— Yes, we can apply a gate voltage.
* The flat-band voltage Vfg is equal to the gate voltage Vi (with
respect to the body contact) which is required to make the band
edges (Ec and E,) flat.

* The flat-band voltage serves as an important reference voltage in
the study of MOS capacitors and transistors.
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* The flat-band condition can be achieved by making the vacuum level on the two sides coincide, which implies zero
potential difference (Evac ~ —q).
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* The flat-band condition can be achieved by making the vacuum level on the two sides coincide, which implies zero

potential difference (Evac ~ —q).
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<
Eg
Gate Bulk Eg =
Ve . 1 8.8eV
N p-Si -
<
y=0 "
£ox
tor }—’y
0

Evac

Evac
E>
[s[o qxs
qos
E,
Epereiyee <
7qVG1
————————————————— Er
E,
EX*
tox y

M. B. Patil, IIT Bombay



0 S
MOS capacitor: flat-band voltage
leV
B ) qXs
ads
—{tox [~ qom
M|O|S N Ec
<
Eg
Gate Bulk Eg =
Ve . 1 8.8eV
N p-Si -
<
y=0 !
Eo
tor }—’y
0

Evac

M (0} S
Evac
E
qPm axs
qos
E
Epeeetyees <
7qVG1
—————————————————— Er
E,
E
e B

* Applying a negative Vi pushes Er up on the metal side (since electron energy ~ —qv)).
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0 S
MOS capacitor: flat-band voltage
leV
B ) qXs
ads
—{tox [~ qom
M|O|S N Ec
<
Eg
Gate Bulk Eg =
Ve . 1 8.8eV
N p-Si -
<
y=0 !
Eo
tor }—’y
0

Evac

M (0} S
Evac
E
qPm axs
qos
E
Epeeetyees <
7qVG1
—————————————————— Er
E,
E
e B

* Applying a negative Vi pushes Er up on the metal side (since electron energy ~ —qv)).

* EF(M) — EF(S) = —qVG.
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MOS capacitor: flat-band voltage

M (0 (s M (0 (s
et [ Evac Evac
M| O|S

()()
leV B
Gate Bulk E> v Adm v
-— S . s
Ve ‘ qos Aos
N p-Si = q9m
}—' T E. Eot E.
v F
y=0 E *qvcl
Er ! ~—Ef| proemememedo oo By
E, E,
8.8eV
o
ED)(
v tox
.= -
tox
0 y
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MOS capacitor: flat-band voltage

0] S
Htox R
M|O|S
>
« leV
Gate Bulk E> )
— laxs
Ve q9s
. = qd‘)
' p-Si m
T E.
y
y:O Eg
Er !
E,
* The Fermi level in a metal is treated 8.8eV
as a constant since the large number
of electrons (which occupy states up
to the Fermi level) available for
conduction quickly nullify any cause
of departure from equilibrium.
Fox
v
S
0

Evac

M 0] S
Evac
EX
qPm ‘ axs
qos
Ec
Epeeetyes
*qvcl
—————————————————— Er
E,
EX
o
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MOS capacitor: flat-band voltage

Htox‘i
M| O|S
D))
€8
Gate Bulk
Ve
' p-Si -
€8

* The Fermi level in a metal is treated
as a constant since the large number
of electrons (which occupy states up
to the Fermi level) available for
conduction quickly nullify any cause
of departure from equilibrium.

* The body (i.e., the material excluding

the surface) of a metal is charge

neutral, and a non-zero charge density

can only exist at a metal surface such
as the metal-oxide interface.

= q0m

Er

leV
E>

qos

qXs

8.8eV

ox
E\/

S

Evac

M 0] S
Evac
EX
qPm ‘ axs
qos
Ec
Epeeetyes
*qvcl
—————————————————— Er
E,
EX
o
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MOS capacitor: flat-band voltage

tox

M|O|S

Evac Evac

« leV Eo
<

Gate Bulk E> 4
— ) qXs qPm ‘ qXs
Ve a6s ads
p-Si = q0m

1€ Ec
y=0 E *qvcl
Er : S I Er

* The Fermi level in a metal is treated 8.8eV
as a constant since the large number
of electrons (which occupy states up
to the Fermi level) available for
conduction quickly nullify any cause
of departure from equilibrium.

* The body (i.e., the material excluding
the surface) of a metal is charge Eo DI
: e

neutral, and a non-zero charge density
can only exist at a metal surface such ‘* t *}_,

S ox y
as the metal-oxide interface. 0

* This is not an equilibrium situation. However, since the oxide layer blocks current flow, the semiconductor is in a
quasi-equilibrium condition, and we can therefore draw a constant Fermi level.
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MOS capacitor

g
M|O|S
b
¢
Gate
Ve
5 p-Si

y
EZ
W |0 ®
. E
Bulk _qv,

Er
= £,

P

0

(a) Vg =Vee



MOS capacitor | )
M (0] S
e
M O|S
2 F_FN_‘__ E.
Gate Bulk —qVe
Ve Er
. p-Si = E,
1Y
F— "
y=0 g
0 y
(a) Vg =Ves

Suppose a voltage AV in addition to Vg is applied, i.e., Vg = Vg + AV.



MOS capacitor

S

tox

¢}

M

Gate
Ve

0
y y
E>
L= | o
M (o) S M O S
B Ec E
/—_
Buk gy, =
Er —aV I Er
= " E
E, E,
o o
0 y 0
(a) Vg =Vrs (b) Ve > Vs

Suppose a voltage AV in addition to Vg is applied, i.e., Vg = Vg + AV.



MOS capacitor

S

tox

¢}

M

Gate
Ve

0 0 0
S R— E* |~
y y y
E>
=< | o
M (] S M (0] S M (0] S
EY
B E E. E
— I E—
v " —qVe
—qVg EV
Er —qvellIls Er Er
b =  ——
E, E, E
P P P
0
0 y 0
(a) Vg =Vee (b) Vg >Ves (c) Vg < Vrs

Suppose a voltage AV in addition to Vg is applied, i.e., Vg = Vg + AV.
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MOS capacitor

S

tox

¢}

M

Gate
Ve

0 0
S R— E* |~
y y y
E
=< | o
M (] S M (0] S M (0] S
EY
B E Ec Ec
— I E—
—qVe
Bukk _qv, M
Er —qvellIls Er Er
L [ — ittt ——
E, E, E
P P U
0
0 y 0
(a) Vg =Ves (b) Vg >Ves (c) Vg < Vrs

Suppose a voltage AV in addition to Vg is applied, i.e., Vg = Vg + AV.

* The "excess” voltage AV appears partly across the oxide and partly across the semiconductor, i.e.,

AV = AVey + AV,
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MOS capacitor

g
M|O|S

b
¢

Gate

Ve
5 p-Si
¢

y=0 Y

0 0 0
S — EX |~
y y y
E>
=< | o
CRIOING CROING w o ®
EY
B E Ec E
— I E—
—qVe
Bukk _qv =
Er  —qvellIlo Er Er
L [ —— ittt —
E, E, E
P ()
0
0 y 0 y
(a) Vg =Ves (b) Vg >Ves (c) Vg < Vrs
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MOS capacitor

S

tox

¢}

M

Gate
Ve

0 0
S — EX |~
y y y
EX
=< | o
M (] S M (0] S M (0] )
EY
B E Ec Ec
— I E—
—qVe
Bukk _qv, =
Er  —qvellIlo Er Er
L [ —— ittt —
E, E, E,
w () v
0
0 y 0
(a) Vg =Ves (b) Vg >Ves (c) Vg < Vrs

* If AV > 0V, the Fermi level E,’_-V’ on the metal side goes down by gAYV, and the bands bend downward
(with respect to the situation at y — o).
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MOS capacitor

g
M|O|S

b
¢

Gate

Ve
5 p-Si
¢

y=0 Y

0 0 0
S — EX |~
y y y
E>
=< | o
CRIOING CROING w o ®
EY
B E Ec E
— I E—
—qVe
Bukk _qv =
Er  —qvellIlo Er Er
L [ —— ittt —
E, E, E
P ()
0
0 y 0 y
(a) Vg =Ves (b) Vg >Ves (c) Vg < Vrs
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MOS capacitor

S

tox

¢}

M

Gate
Ve

* If AV <0V, the Fermi level E,'_Y’ on the metal side goes

0 0 0
[ [ Sy
y y y
E>
= | o
M (0] S M O S M (0] S
EF
B E E E.
/—_ I E—
—qVg
Bulk _qv, EM
Er  —qvellIlo Er Er
L i ———— S ——
E, E, E
) W
0
0 y 0 y y
(a) Ve = Ve (b) V¢ > Ves (€) V¢ < Ve

up by —qAV, and the bands bend upward.
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MOS capacitor

g
M|O|S

b
¢

Gate

Ve
5 p-Si
¢

y=0 Y

0 0 0
S — EX |~
y y y
E>
=< | o
CRIOING CROING w o ®
EY
B E Ec E
— I E—
—qVe
Bukk _qv =
Er  —qvellIlo Er Er
L [ —— ittt —
E, E, E
P ()
0
0 y 0 y
(a) Vg =Ves (b) Vg >Ves (c) Vg < Vrs
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MOS capacitor o | ! !
[E | -
M (o) S M o S M O S
S B .
M Ol S "
% Ee . E. E. E.
/—_ I E—
—qVg
Gate Bulk —qVe EVEA
Ve B —qVeiTill Er Er
N p-Si = E, - E, E,
1Y
v U v
y=0 g
0
0 y 0 y y
(a) Ve = Vs (b) Ve > Vrs (c) Ve < Ve

* Assuming that there is no surface charge at this interface or within the oxide layer,

. d diy, _
€si€y(07) = €ox&y(07), ie., esi d—f(O*) = €ox d—f(o ), |AVox| = [E/(07)] tox.
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MOS capacitor

g
M|O|S

b
¢

Gate

Ve
5 p-Si
¢

y=0 Y

0 0 0
S — EX |~
y y y
E>
=< | o
CRIOING CROING w o ®
EY
B E Ec E
— I E—
—qVe
Bukk _qv =
Er  —qvellIlo Er Er
L [ —— ittt —
E, E, E
P ()
0
0 y 0 y
(a) Vg =Ves (b) Vg >Ves (c) Vg < Vrs
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[— [— E | .
MOS capacitor o | ! !
= | o
M 0 S M 0 S M 0 S
el & .
M|O|S "
G e . E. E. E.
[
—qVg
Gate Bulk —qVe Epﬂ
Ve Er —qVe 10 Er Ef
N p-Si = E, / E, E,
T(
y Y v Y
y=0
N 0
0 y 0 y y
(a) Vg =Ves (b) Ve > Ve (€) Vg < Vg

* In practice, there is always some charge at the Si-SiO; interface because of the abrupt interruption of the
crystalline silicon structure caused by the oxide. The effect of the interface charge and any other fixed
charge within the oxide layer can be clubbed into a shift in the flat-band voltage.
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MOS capacitor: example

(Ve=-18V)
EVHC
, E
a0m
m=4.1eV
@ ¢ qXs )
qxs =4.05eV 49
to=50nm | 7
nm EC
N,=5x 10%em3| ~9Ve
Er
Vigm—1V | o pEmm——————
(a) accumulation



MOS capacitor: example

(Ve=-18V)
EVHC
, E
a0m
m=4.1eV
@ ¢ qXs )
qxs =4.05eV 49
to=50nm | 7
nm EC
N,=5x 10%em3| ~9Ve
Er
Vigm—1V | o pEmm——————
(a) accumulation

* Vi =—1.8V: accumulation of majority carriers (holes) near the interface



MOS capacitor: example

(Ve=-18V) (Ve=02V)
EVSC /—Evac
, ES
q®dm — ng
m=4.1eV
¢ ¢ qXs |
qys =4.05eV 4%s
to=50nm | 7
nm EC EC
N,=5x 10%em3| ~9Ve —
E: Er
Veg~ -1V | Rl Y B et S
FB E aVg B —
(a) accumulation (b) depletion

* Vi =—1.8V: accumulation of majority carriers (holes) near the interface



MOS capacitor: example

(Ve=-18V) (Ve=02V)
Evac /—Evac
, B
q®dm — ng
n=41eV
¢ ¢ qXs |
qys =4.05eV 4%
to=50nm | 7
nm E. E.
N,=5x10%cm= Ve —
Er v Er
Veg~—-1V. | 7 T pmmmmmmmemmen gV P
FB E Ve &
(a) accumulation (b) depletion
* Vi =—1.8V: accumulation of majority carriers (holes) near the interface

* Vi =0.2V: depletion of majority carriers (holes) near the interface



MOS capacitor: example

(Ve=-18V) (Ve=02V) (Ve=15V)
Evac /—Evac /—Evac
, £
q®dm — ng
m=4.1eV E>
¢ ¢ qXs | ¢
qxs =4.05eV 4%s ]
te=50nm |
50 nm E. E, E.
N, =5 x 10" cm—3 —qVe - /—
Er v Er Er
Veg~—-1V. | 7 T pmmmmmmmemmen gV E————= R
FB E, qVe — _E, — E,
aVe
(a) accumulation (b) depletion 7 (c) inversion
* Vi =—1.8V: accumulation of majority carriers (holes) near the interface

* Vi =0.2V: depletion of majority carriers (holes) near the interface



MOS capacitor: example

(Ve=-18V) (Ve=02V)
Evac /—Evac
, B
q®dm — ng
n=41eV
¢ ¢ qXs |
qxs =4.05eV a¢s
to=50nm | 7
nm E. E.
N,=5x10%cm= Ve —
Er v Er
Veg~—-1V |  TTITE rmmmmmmemmms gV P
FB E Ve &
(a) accumulation (b) depletion
* Vi =—1.8V: accumulation of majority carriers (holes) near the interface

* Vi =0.2V: depletion of majority carriers (holes) near the interface

(Ve=15V)

/— Evac

OX
EC

(c) inversion

* Vi =1.5V: depletion of majority carriers (holes) and a significant increase in minority carriers (electrons)
near the interface
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MOS capacitor: accumulation (p-type semiconductor)

M. B. Patil, IIT Bombay

0 I
qdm =4.1eV

qyxs =4.05eV
tox =50 NmM

N, =5 x 100 cm—3

Qm



MOS capacitor: accumulation (p-type semiconductor)
* When Vs < VEp is applied, the valence band edge E, gets closer to the v E.
Fermi level Ef (as compared to the equilibrium situation), and we have e
]
p > po near the surface (y =0).
(2
0
| TEY
0-——
| qpm=4.1eV
‘ P
qys =4.05eV
tox =50 NmM
N,=5 x 10 cm~3
0 ‘
a
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MOS capacitor: accumulation (p-type semiconductor)
* When Vi < Vg is applied, the valence band edge E, gets closer to the v E.
Fermi level Ef (as compared to the equilibrium situation), and we have e
p > po near the surface (y=0). ] e B
Er
* The total charge in the semiconductor (per unit area in the x-z plane), o %
%) oo . v
Qs:/ pdy:q/ (NS = N +p—n)dy, y
0 0 ' P
IS positive. 0
B
0-
I qbm=4.1eV
. P
qys =4.05eV
tox =50 NmM
N,=5 x 10 cm~3
0 ‘
o
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MOS capacitor: accumulation (p-type semiconductor)

* When Vs < VEp is applied, the valence band edge E, gets closer to the
Fermi level Ef (as compared to the equilibrium situation), and we have
p > po near the surface (y =0).

* The total charge in the semiconductor (per unit area in the x-z plane),

oo o0
Qs:/ pdy:q/ (NS = N +p—n)dy,
0 0

is positive.

1 dE
* The electric field, &, = — ~—€ s negative.
q dy

M. B. Patil, IIT Bombay

S =
—qVg
................. E
I Ee
| ———
E,
(2
0
| TEY
0 —
| qpm=4.1eV
P
qyxs =4.05eV

tox =50 NmM

N,=5 x 10 cm~3

Qm




MOS capacitor: accumulation (p-type semiconductor)
* When Vi < Vg is applied, the valence band edge E, gets closer to the E.
Fermi level Ef (as compared to the equilibrium situation), and we have —aVe
p > po near the surface (y=0). ] e B
Er
* The total charge in the semiconductor (per unit area in the x-z plane), o %
%) oo . v
Qs:/ pdy:q/ (NS = N +p—n)dy, y
0 0 : (e
is positive. 0
1 dE
* The electric field, &, = — < s negative.
q dy .
* There is a discontinuity in £ at the interface; 0 T Y
€si 11.7 ¢
esisi = €oxEox — Eox = — £ = Esi = 3&s;. |
€ox 3.9¢ :
1 qpm=4.1eV
P
qyxs =4.05eV

tox =50 NmM

N,=5 x 10 cm~3

NI
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MOS capacitor: accumulation (p-type semiconductor)

*

When Vs < Vgg is applied, the valence band edge E, gets closer to the
Fermi level Ef (as compared to the equilibrium situation), and we have
p > po near the surface (y =0).

The total charge in the semiconductor (per unit area in the x-z plane),
(o) oo
Qs :/O pdy:q/o (Nj — Ny +p—n)dy,

is positive.

1

The electric field, &£, = , iIs negative.
q

There is a discontinuity in £ at the interface;
€s; 11.7 ¢

€5iEsi = €oxEox — Eox = — Ej = % &g = 3&s:.
€ox 3.9¢

There is a negative charge Q at the metal surface which is equal to
—Qs. The total charge in the MOS capacitor is zero.

M. B. Patil, IIT Bombay

A =
—qVg
................. E
I Ee
N —————
E,
(2
0
| TEY
0 —
| qpm=4.1eV
P
qyxs =4.05eV

tox =50 NmM

N,=5 x 10 cm~3

NI




MOS capacitor: depletion (p-type semiconductor)

M. B. Patil, IIT Bombay

E
v Er.
qVe.....
G — &
y
]
0
Ey
0
qdm =4.1eV
P
qxs =4.05eV
tox =50 nNm
Qm N, =5 x 10 cm—3
0




MOS capacitor: depletion (p-type semiconductor)

* When Vi > Vg is applied, Ec comes closer to EF near the interface.

M. B. Patil, IIT Bombay

E
v : Er.
qVg.. ..
G — ¢,
y
P
0
Ey
0]
qom=4.1eV
P
qxs =4.05eV
tox =50 nm
Qm N, =5 x 10 cm—3
0




. . . Ec
MOS capacitor: depletion (p-type semiconductor) S
E;
* When Vi > Vg is applied, Ec comes closer to EF near the interface. v Er
qVe.....
E.— Er Er—E NI E.
* n=Ncexp|———— ) =njexp|{ —— ),
kB T kB T Hy
EF — E, E; — EF v
p=Nyexp|— —— ) =njexp| ——— ).
kg T kg T
0
EY
07
qom=4.1eV
p
qys=4.05eV
tox =50 nm
Qm N, =5 x 10 cm—3
R R N —qN,
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MOS capacitor: depletion (p-type semiconductor)

* When Vi > Vg is applied, Ec comes closer to EF near the interface.

=t (55 = e (557)
* n=Ncexp|———— ) =njexp|{ —— ),
kg T ks T

EF — E, E; — EF
p=Nyexp|— —— ) =njexp| ——— ).
kg T kg T

* There is a range of V in which neither electrons nor holes are
substantial in number (compared to N ) near the interface, and we
have a depletion region in the semiconductor. This range of V( is called
the “depletion” regime.

M. B. Patil, IIT Bombay

qdm =4.1eV
qys=4.05eV
tox =50 nm

N, =5 x 10 cm—3




MOS capacitor: depletion (p-type semiconductor)

* When Vi > Vg is applied, Ec comes closer to EF near the interface.

E.—E EF — E h
* n = Ncexp B = nj exp ] , T
kB T kB T Hy
EF — E, E; — EF I XV
p=Nyexp|— —— ) =njexp| ——— ). A
kB T kB T
* There is a range of V in which neither electrons nor holes are 0 ‘

substantial in number (compared to N ) near the interface, and we
have a depletion region in the semiconductor. This range of V( is called
the “depletion” regime.

* The net charge in the semiconductor is due to N; in the depletion 0
o0 :
region — Qs = / pdy is negative.
Jo qdm =4.1eV
p
qys=4.05eV
; tox =50 nm
Qui N, =5 x 10 cm—3
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MOS capacitor: depletion (p-type semiconductor)

* When Vi > Vg is applied, Ec comes closer to EF near the interface.

E.—E EF — E h
* n = Ncexp e = njexp pi— , T
kg T kg T Hy
EF — E, E; — EF I XV
p=Nyexp|— —— ) =njexp| ——— ). A
kB T kB T
* There is a range of V in which neither electrons nor holes are 0 ‘

substantial in number (compared to N ) near the interface, and we
have a depletion region in the semiconductor. This range of V( is called
the “depletion” regime.

* The net charge in the semiconductor is due to N; in the depletion 0
region — Qs = /Ocp dy is negative. ‘
Jo qom=4.1eV
* The electric field, &£, = % Zic is positive. ! qxs=4.05eV
; tox =50 nm
Qm : N, =5 x 10 cm—3
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MOS capacitor: depletion (p-type semiconductor)

* When Vi > Vg is applied, Ec comes closer to EF near the interface.

E.—E EF — E h
* n = Ncexp B = nj exp ] , T
kB T kB T Hy
EF — E, E; — EF I XV
p=Nyexp|— —— ) =njexp| ——— ). A
kB T kB T
* There is a range of V in which neither electrons nor holes are 0 ‘

substantial in number (compared to N ) near the interface, and we
have a depletion region in the semiconductor. This range of V( is called
the “depletion” regime.

* The net charge in the semiconductor is due to N; in the depletion 0
o0 :
region — Qs = / pdy is negative.
Jo qdm =4.1eV
- 1 dE. . . ooP
* The electric field, &, = = <, is positive. 3 qxs=4.05eV
q dy :
. L. . ) tox =50 nNm
* There is a positive charge Qp at the metal surface which is equal to Q | . s
—Qs. The total charge in the MOS capacitor is zero. M Na=5x 10" cm
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MOS capacitor: inversion (p-type semiconductor)

M. B. Patil, IIT Bombay

qOBI
aVe
208
0
y
0
y
Qu qom="4.1eV
qys=4.05eV
tox =50 nm
N,=5x 10%cm=3
0

"""""""""" —qN, ¥



MOS capacitor: inversion (p-type semiconductor)
* When Vi > Vg is applied, E. comes closer to EF near the interface. qoBI
aVe
Y
¥
0 y
EY
0 y
P
Qu qom=4.1eV
qys=4.05eV
tox =50 nm
N,=5 x 10 cm—3
R —— —qN, ¥
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MOS capacitor: inversion (p-type semiconductor)
* When Vi > Vg is applied, E. comes closer to EF near the interface. qoBI
EF — E; E; — EF aVe
* n=njexp| ——— ), p=njexp| ——— |.
ks T kg T
Y
¥
0 y
EY
0 y
P
Qu qdm=4.1eV
qys=4.05eV
tox =50 nm
N,=5 x 10 cm—3
R —— —qN, ¥
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MOS capacitor: inversion (p-type semiconductor)

* When Vi > Vg is applied, E. comes closer to EF near the interface.

N e (EF—E,') e (EI_EF>
n=mniexp|\ —/—— |, P=NexXp| —F/—— ).
ke T kg T

* As Vi is increased, n(0) (i.e., the minority carrier concentration near the
interface) increases.
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MOS capacitor: inversion (p-type semiconductor)

* When Vi > Vg is applied, E. comes closer to EF near the interface.

N e (EF—E,') e (EI_EF>
n=mniexp|\ —/—— |, P=NexXp| —F/—— ).
ke T kg T

* As Vi is increased, n(0) (i.e., the minority carrier concentration near the Y
interface) increases.

Po ks T ke T
0 y
EY
0
v !

Qu : qom=4.1eV
qys=4.05eV
tox =50 nm
N,=5 x 10 cm—3

""""""" —aN, ¥
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MOS capacitor: inversion (p-type semiconductor)

* When Vi > Vg is applied, E. comes closer to EF near the interface. qoBI
EF — E; E; — EF aVe
* n=nexp| ——— ), p=njexp| —— ).
ks T kg T
* As Vi is increased, n(0) (i.e., the minority carrier concentration near the v’

interface) increases.

Po ke T ke T NS
When Ef — E;(0) becomes equal to Ej(c0) — EF (= q¢g), n(0) and pp 0 . y
become equal. LY
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MOS capacitor: inversion (p-type semiconductor)

* When Vi > Vg is applied, E. comes closer to EF near the interface. qoBI
EF — E; E; — EF aVe
* n=nexp| ——— ), p=njexp| —— ).
ks T kg T
* As Vi is increased, n(0) (i.e., the minority carrier concentration near the v’

interface) increases.

Po ke T ke T
When Ef — E;(0) becomes equal to Ej(c0) — EF (= q¢g), n(0) and pp 0 y
become equal. - E
In other words, the minority carrier density at the interface becomes as
large as the majority carrier density in the “bulk” (i.e., sufficiently far
from the interface).
0 ) ;
Qu qom =4.1eV
qys=4.05eV
tox =50 nm
N,=5 x 10 cm—3
0
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MOS capacitor: inversion (p-type semiconductor)

* When Vi > Vg is applied, E. comes closer to EF near the interface.

N e (EF—E,') e (EI_EF>
n=mniexp|\ —/—— |, P=NexXp| —F/—— ).
ke T kg T

* As Vi is increased, n(0) (i.e., the minority carrier concentration near the
interface) increases.

no) (EF - E,-(o)) ( Ei(o) — EF>
—— =exp| —— | xexp | ————— ).
PO kB T kB T

When Ef — E;(0) becomes equal to Ej(c0) — EF (= q¢g), n(0) and pp
become equal.

In other words, the minority carrier density at the interface becomes as
large as the majority carrier density in the “bulk” (i.e., sufficiently far
from the interface).

— The semiconductor has got “inverted” from p-type to n-type near the
interface.
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MOS capacitor: inversion (p-type semiconductor)

* When Vi > Vg is applied, E. comes closer to EF near the interface.

N e (EF—E,') e (EI_EF>
n=mniexp|\ —/—— |, P=NexXp| —F/—— ).
ke T kg T

* As Vi is increased, n(0) (i.e., the minority carrier concentration near the
interface) increases.

n(0) Er — Ei(0) Ei(o0) — EF
—— =exp| ——— | xexp | ———— ).
Po ke T ke T

When Ef — E;(0) becomes equal to Ej(c0) — EF (= q¢g), n(0) and pp
become equal.

In other words, the minority carrier density at the interface becomes as

large as the majority carrier density in the “bulk” (i.e., sufficiently far
from the interface).

— The semiconductor has got “inverted” from p-type to n-type near the
interface.

* The condition n(0) = pg is considered to be the onset of the inversion
regime.
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