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MOS capacitor

oo
* Qs/q:/0 (Nj = N7 +p—n)dy.
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MOS capacitor

[e @)
x Qs/q:/0 (NS — Ny +p—n)dy.

* VG = VFB — flad bands — Qszo
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MOS capacitor

oo

* Qs/q:/ (Nj — Ny +p—n)dy.
0

* VG = VFB — flad bands — Qszo

* Ve < Veg — accumulation

— Qs > 0.
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MOS capacitor

oo

* Qs/q:/ (Nj — Ny +p—n)dy.
0

* VG = VFB — flad bands — Qszo

* Ve < Veg — accumulation

— Qs > 0.

* Vi > Vgg — depletion or inversion

— Qs < 0 in either case.
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MOS capacitor

oo

* Qs/q:/ (Nj — Ny +p—n)dy.
0

* VG = VFB — flad bands — Qszo

* Ve < Veg — accumulation
— Qs > 0.

* Vi > Vgg — depletion or inversion

— Qs < 0 in either case.

* Home work: Sketch p versus y for the
case of an n-type substrate.
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MOS capacitor
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MOS capacitor

* The “inversion charge” Q is defined as

[eS] Q’ oo
:—q/ ndy—) / ndy.
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MOS capacitor

* The “inversion charge” Q/ is defined as

I:_q/o"" (- q) /wndy

* @ has a special significance in a MOS
transistor since it represents the mobile

charge (due to electrons in this case) which,

unlike the charge due to the fixed acceptor
and donor ions, can contribute to current.
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MOS capacitor

* The “inversion charge” Q/ is defined as

':_q/ooo (- q) /wndy

* @ has a special significance in a MOS
transistor since it represents the mobile
charge (due to electrons in this case) which,
unlike the charge due to the fixed acceptor
and donor ions, can contribute to current.

* Qr/(—q) gives the total number of electrons
in the semiconductor per unit area (in the
x-z plane).

Veg
x10*2/cm? |
1.0 T

051 b

0.0

Qs/q

—05F B b

~1.0p b

15 I I I
-3 -2 -1 0 1 2 3

M. B. Patil, IIT Bombay

A

accumulation

B
depletion

C

inversion

—qVe
- E
Er Y
N, " qVel ]
E
= L e
.
208
0 y y y
0
y y y
— qom=4.1eV
qys =4.05eV
m tox =50 nm
N,=5x 10%cm3
0
y o e —aN, y oo —aN, ¥




1 T T
(in 10" Jem®)

(P—N.) QOBI E,
-Ny aVe
—1F

Charge components in inversion regime:

73 L L L
1 T T T ”"””””"””727
(in 10" /cm?) 0 I 08
y
0F —n E,
(p=NJ —n)
—1F -
? 0
=
<7 —2r ] P Y
Qum qdm =4.1eV
5l ‘ ‘ qxs = 4.05¢eV
0 0.3 tox =50nm
N, =5 x 10 cm=3
L L L A 7qNa y
1 1.5 2 2.5 3
M. B. Patil, IIT Bombay VG (volts)



1
Charge components in inversion regime: (‘in 107 /Cm§) ;
* lonised acceptor density N~ =~ N, at T =300K. I 7 g
= — 3
(P—=N;) qOBI E,
) =N qVe
Ty
2k 4 v
73 Il Il L
1 T T T ”"””””"””7277
(in 10" /cm?) 0 I o8
y
0F —n E,
(P=N7—n)
—1F 4
g 0
=
<7 —2r ] P Y
Qum qdm =4.1eV
3l ‘ | qxs=4.05eV
0 0.3 tox =50nm
N, =5 x 10 cm=3
L L L A 7qNa y
1 15 2 25 3
M. B. Patil, IIT Bombay VG (volts)



Charge components in inversion regime:

* lonised acceptor density N~ =~ N, at T =300K.

* Hole density p(y) which is equal to py (= N,) except

near the surface.
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Charge components in inversion regime:

* lonised acceptor density N~ =~ N, at T =300K.

* Hole density p(y) which is equal to py (= N,) except

near the surface.

* p(y) — N = —N, near the surface and becomes zero as

we move into the bulk semiconductor region.
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Charge components in inversion regime:

*

*
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lonised acceptor density N, =~ N, at T =300K.

Hole density p(y) which is equal to py (= N,) except
near the surface.

p(y) — NJ- = —Nj near the surface and becomes zero as

we move into the bulk semiconductor region.
n?
n(y) = np = — in most of the device except near the

surface where it increases dramatically.

(in 10" /c‘mz)

Qi/(-a)

Vg (volts)

(in 10" /cma‘)

(p—NJ —n)

0.3

aosl | |7 E,
aVg
Ty
k2
IZOB
0
y
Ey
0
y
P
Qum qdm =4.1eV
qxs =4.05eV
tox =50nm
N, =5 x 10 cm=3
0
""""""" —aN, ¥y




(in 10 /c‘mz)

Q/(-a)

M. B. Patil, IIT Bombay

Vg (volts)

25

aVs

C D E
P P P
Vo
0
y
E, E, E,
qpm=4.1eV —
qxs =4.05eV
tox =50 nm
N, =5 x 10*°cm~3
0 y
Qul 1P Qui 17 Qui tr
0 |
"""""" Can, — —




* As Vg is increased beyond the onset of inversion,
almost the entire increase in Qs is due to an increase in
electron concentration n near the surface.
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* As Vg is increased beyond the onset of inversion,
almost the entire increase in Qs is due to an increase in
electron concentration n near the surface.

* The depletion layer width and the charge due to aVe
acceptor ions [(—gN; ) dy do not change significantly.

C D E
P i W
Vo
0 . g
6 T E E | E
(in 0™ /cm?) L qbm=4.1eV -
] qys =4.05eV
tox =50 nm
1 N, =5 x 10%cm3
G
= 1 0 ; ; .
<7 Qul 17 Qui 17 Qui 17

M. B. Patil, IIT Bombay Vg (volts) Ve=147V Ve=1.65V




* As Vg is increased beyond the onset of inversion,
almost the entire increase in Qs is due to an increase in
electron concentration n near the surface.

* The depletion layer width and the charge due to
acceptor ions [(—gN; ) dy do not change significantly.

* The surface potential 15 = (0") at the onset of
inversion is 2¢pg. As V is increased, s changes only
slightly, and the additional voltage drops almost entirely
across the oxide layer.
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As Vi is increased beyond the onset of inversion,
almost the entire increase in Qs is due to an increase in
electron concentration n near the surface.

The depletion layer width and the charge due to
acceptor ions [(—gN; ) dy do not change significantly.
The surface potential ¥s =1(0") at the onset of
inversion is 2¢g. As V is increased, 15 changes only
slightly, and the additional voltage drops almost entirely
across the oxide layer.

The inversion charge Q; is confined to a narrow region

near the Si-SiO; interface, typically about 10 nm (i.e.,
100A).
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MOS capacitor: threshold voltage B
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MOS capacitor: threshold voltage B
Consider the onset of inversion. We have ¢s ~2 ¢g, and the 0
electron density at the interface has not yet become
significant — n(y)=0. Ve “aN,
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MOS capacitor: threshold voltage

Consider the onset of inversion. We have ¢s ~2 ¢g, and the
electron density at the interface has not yet become
significant — n(y)=0.

With the depletion approximation, and with Yge, as the
depletion width at the onset of inversion, we get
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MOS capacitor: threshold voltage

Consider the onset of inversion. We have ¢s ~2 ¢g, and the

0
electron density at the interface has not yet become
significant — n(y)=0. Ve “aN,
With the depletion approximation, and with Yy, as the
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MOS capacitor: threshold voltage

Consider the onset of inversion. We have ¢s ~2 ¢g, and the
electron density at the interface has not yet become
significant — n(y)=0.

With the depletion approximation, and with Yge, as the
depletion width at the onset of inversion, we get
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MOS capacitor: threshold voltage

Consider the onset of inversion. We have ¢s ~2 ¢g, and the
electron density at the interface has not yet become
significant — n(y)=0.

With the depletion approximation, and with Yge, as the
depletion width at the onset of inversion, we get
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MOS capacitor: threshold voltage

Consider the onset of inversion. We have ¢s ~2 ¢g, and the
electron density at the interface has not yet become
significant — n(y)=0.

With the depletion approximation, and with Yge, as the
depletion width at the onset of inversion, we get
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MOS capacitor: threshold voltage

Consider the onset of inversion. We have ¢s ~2 ¢g, and the
electron density at the interface has not yet become
significant — n(y)=0.

With the depletion approximation, and with Yge, as the
depletion width at the onset of inversion, we get
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MOS capacitor: threshold voltage B
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MOS capacitor: threshold voltage
Assuming zero charge in the oxide and also at the Si-SiO;
interface, we have
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MOS capacitor: threshold voltage
Assuming zero charge in the oxide and also at the Si-SiO;
interface, we have

£ =£,(07) = &(07) = =
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MOS capacitor: threshold voltage

Assuming zero charge in the oxide and also at the Si-SiO;
interface, we have
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MOS capacitor: threshold voltage

Assuming zero charge in the oxide and also at the Si-SiO;
interface, we have

£y =£(07) = £,(0) B = B T
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MOS capacitor: threshold voltage

Assuming zero charge in the oxide and also at the Si-SiO;
interface, we have

£y =£(07) = £,(0) B = B T
€ox €ox €Sj
i gN. |4es; 1
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MOS capacitor: threshold voltage

Assuming zero charge in the oxide and also at the Si-SiO;
interface, we have

i i gNa Y.
£y = £,(07) = £, (0%) = = 5 T
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i gNa [ 4es; 1
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The voltage drop across the oxide is
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EOX COX

where Cox = €ox/tox is the capacitance per unit area of a
parallel plate capacitor with SiO3 as the dielectric and a
dielectric thickness tox.
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MOS capacitor: threshold voltage

Assuming zero charge in the oxide and also at the Si-SiO;
interface, we have

i i gNa Y.
£y = £,(07) = £, (0%) = = 5 T

€ox €ox €Si
i gNa [ 4es; 1
_ i GNa JAesios 1 oo
€ox  €Si qNa €ox
d 0~ 0~
syzfi’a/ dip = — E%dy
dy —tox —tox

= P(07) = P(—tox) = —E tox.

The voltage drop across the oxide is

t VAaNsesida
Vox = EXtox = ~2/4qN,esidp = V4aNsesios.
EOX COX

where Cox = €ox/tox is the capacitance per unit area of a
parallel plate capacitor with SiO3 as the dielectric and a
dielectric thickness tox.
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MOS capacitor: threshold voltage B
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MOS capacitor: threshold voltage B
The threshold voltage V4, is the gate voltage required
to obtain the condition of inversion (i.e., onset of
inversion). Ve
3
| Enm
W
Vox
0
P
0
Y s=2¢g
EY
P qom=4.1eV
qxs =4.05eV
tox =50 NmM 03
N,=5 x 10" cm 3 : Yep
0
y
Qm ’
0 |
""""" [=an;
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MOS capacitor: threshold voltage B
The threshold voltage V4, is the gate voltage required
to obtain the condition of inversion (i.e., onset of
inversion). Ve
With Vg = Vgg, ¥s=0V, and Vox =0V. E
Y
Vox
0
P
0
Y s=2¢g
EY
P qom=4.1eV
qxs =4.05eV
tox =50 NmM 03
N,=5 x 10" cm 3 : Yep
0
y
Qm ’
0 |
""""" [=an;
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MOS capacitor: threshold voltage

The threshold voltage V4, is the gate voltage required
to obtain the condition of inversion (i.e., onset of
inversion).

With Vg = Vgg, ¥s=0V, and Vox =0V.

— In addition to Vg, a voltage s + Vox, i.e.,
2 ¢ + Vox, is required for inversion.

p
aVe
E
Vox
0
v
0
Y s=2¢g
y
qom=4.1eV
qys =4.05eV
tox =50 NmM 0 :
N, =5 x 10°cm~3 i Yaep
0—
: p Y
Qm
0t =
quN
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MOS capacitor: threshold voltage

The threshold voltage V4, is the gate voltage required
to obtain the condition of inversion (i.e., onset of
inversion).

With Vg = Vgg, ¥s=0V, and Vox =0V.

— In addition to Vg, a voltage s + Vox, i.e.,

2 ¢ + Vox, is required for inversion.

— Vih = Ve + s + Vix

p
aVe
E
Vox
0
v
0
Y s=2¢g
P 1E
P qom=4.1eV
| qys =4.05eV
tox =50 NmM 0 :
N, =5 x 10°cm~3 i Yaep
0—
: p Y
Qm
0t =
quN
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MOS capacitor: threshold voltage

The threshold voltage V4, is the gate voltage required
to obtain the condition of inversion (i.e., onset of
inversion).

With Vg = Vgg, ¥s=0V, and Vox =0V.

— In addition to Vg, a voltage s + Vox, i.e.,

2 ¢ + Vox, is required for inversion.

— Vih = Ve + s + Vix

vV 4qNaesidp

OX

= Vrg +2¢p +

qom=4.1eV

qxs =4.05eV

tox =50 NmM

N, =5 x 10°cm~3

Quj

s =2¢g

Yaep

M. B. Patil, IIT Bombay



Example
Calculate the threshold voltage for a MOS capacitor with tox =50 nm,
¢pm=4.1eV, xs=4.05eV, N;=5 x 101®cm—3,
aVg
Y
Vox
0
y
EY
P qom=4.1eV
qxs=4.05eV
tox =50 nm
N, =5 x 10%cm—3
0
p Y
Qm
R — -
quN;
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Example

Calculate the threshold voltage for a MOS capacitor with tox =50 nm,
¢pm=4.1eV, xs=4.05eV, N;=5 x 101®cm—3,
What is the depletion width at the onset of inversion?

M. B. Patil, IIT Bombay

aVe
0
Vox
0
y
Ey
L qom=4.1eV
qxs =4.05eV
tox =50 nm
N, =5 x 10%cm—3
0 y
Qup 17
! |
7777777777 T:qN;




Example

Calculate the threshold voltage for a MOS capacitor with tox =50 nm,
¢pm=4.1eV, xs=4.05eV, N;=5 x 101®cm—3,
What is the depletion width at the onset of inversion?

Solution:

qos = qxs + |:Eg + kg T log (%)}

1%

M. B. Patil, IIT Bombay

qom=4.1eV

qxs =4.05eV

tox =50 nm

N, =5 x 10%cm—3

Qm

P




Example
Calculate the threshold voltage for a MOS capacitor with tox =50 nm,
¢pm=4.1eV, xs=4.05eV, N;=5 x 101®cm—3,
What is the depletion width at the onset of inversion? qVg
Solution:
Po
q9s = qxs + [EgJFkBTlOg (Ni>} 0
v .
5 x 1016
=4.05 1.12+0.0258 x log [ —————— ) | = 5.03eV. V.,
+[ N g(1.o4x1019)} °
0
y
EY
P qom=4.1eV
qxs=4.05eV
tox =50 nm
N, =5 x 10%cm—3
0
y
Qm ’
0 |
""""" T=an,
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Example

Calculate the threshold voltage for a MOS capacitor with tox =50 nm,
¢pm=4.1eV, xs=4.05eV, N;=5 x 101®cm—3,
What is the depletion width at the onset of inversion?

Solution:

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

1%

405+ [1.12+0.0258 x | 5 x 10%° 5.03eV
= 4. . . (o] —_— = J. ev.
€\ 104 x 109

Vg = ¢ms = ¢m — ¢ps = 4.1 —5.03 = —0.93V.

M. B. Patil, IIT Bombay

qom=4.1eV

qxs =4.05eV

tox =50 nm

N, =5 x 10%cm—3

Qm

P




Example

Calculate the threshold voltage for a MOS capacitor with tox =50 nm,
¢pm=4.1eV, xs=4.05eV, N;=5 x 101®cm—3,
What is the depletion width at the onset of inversion?

Solution:

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

1%

405+ [1.12+0.0258 x | 5 x 10%° 5.03eV
= 4. . . (o] —_— = J. ev.
€\ 104 x 109

Vg = ¢ms = ¢m — ¢ps = 4.1 —5.03 = —0.93V.

po = nj exp (d)—B) — ¢p = Vrlog (@> =0.41V.
Vr n;

i

M. B. Patil, IIT Bombay

qom=4.1eV

qxs =4.05eV

tox =50 nm

N, =5 x 10%cm—3

Qm

P




Example

Calculate the threshold voltage for a MOS capacitor with tox =50 nm,
¢pm=4.1eV, xs=4.05eV, N;=5 x 101®cm—3,
What is the depletion width at the onset of inversion?

Solution:

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

1%

405+ [1.12+0.0258 x | 5 x 10%° 5.03eV
= 4. . . (o] —_— = J. ev.
€\ 104 x 109

Vg = ¢ms = ¢m — ¢ps = 4.1 —5.03 = —0.93V.

po = nj exp (d)—B) — ¢p = Vrlog (@> =0.41V.
Vr+ n;
. . 10~ F
Cox:eﬁ:39><885>< 0 /Cm:69nF/cm2.

tox 50 X 107 cm

M. B. Patil, IIT Bombay

qom=4.1eV

qxs =4.05eV

tox =50 nm

N, =5 x 10%cm—3

Qm

P




Example

Calculate the threshold voltage for a MOS capacitor with tox =50 nm,
¢pm=4.1eV, xs=4.05eV, N;=5 x 101®cm—3,

What is the depletion width at the onset of inversion?

Solution:

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

1%

405+ [1.12+0.0258 x | 5 x 10%° 5.03eV
= 4. . . (o] —_— = J. ev.
€\ 104 x 109

Vg = ¢ms = ¢m — ¢ps = 4.1 —5.03 = —0.93V.

po = nj exp (d)—B) — ¢p = Vrlog (@> =0.41V.
Vr n;

i

. . 1071F
Co = o = 39X BB XN Flem _ g 62
tox 50 X 107 cm

VA4qNsesiop = V4 x 1.6 x 10719 x 5 x 1016 x 11.7 x 8.85 x 10— 4 x 0.41
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qom=4.1eV

qxs =4.05eV

tox =50 nm

N, =5 x 10%cm—3

Qm

P




Example

Calculate the threshold voltage for a MOS capacitor with tox =50 nm,
¢pm=4.1eV, xs=4.05eV, N;=5 x 101®cm—3,

What is the depletion width at the onset of inversion?

Solution:

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

1%

405+ [1.12+0.0258 x | 5 x 10%° 5.03eV
= 4. . . (o] —_— = J. ev.
€\ 104 x 109

Vg = ¢ms = ¢m — ¢ps = 4.1 —5.03 = —0.93V.

po = nj exp (d)—B) — ¢p = Vrlog (@> =0.41V.
Vr n;

i

. . 1071F
Co = o = 39X BB XN Flem _ g 62
tox 50 X 107 cm

VA4qNsesiop = V4 x 1.6 x 10719 x 5 x 1016 x 11.7 x 8.85 x 10— 4 x 0.41
=1.16 x 1077 C/cm?.

M. B. Patil, IIT Bombay

qom=4.1eV

qxs =4.05eV

tox =50 nm

N, =5 x 10%cm—3

Qm

P




Example (continued)

V4qNaesidp

Pt Ei
= - F
Vih = VFB+2¢B+C7 e E
OX
aVg
1.16 x 107

—093+2x041+ —— =1.57V.
* + 69 x 109

Vox
0
y
EY
b qom=4.1eV
qxs =4.05eV
tox =50 nm
N,=5x 10 cm—3
0
' P y
Qm
0 |
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Example (continued)

V4qNaesidp

Pt Ei
= - F
Vih = Vs + 2¢5 + . e E
OX
aVg
1.16 x 107

—093+2x041+ —— =1.57V.
* + 69 x 109

The depletion width at the onset of inversion is

—14
yiny _ \/4651453 B \/4 X 11.7 x 8.85 x 1014 x 0.41 "

dep ™ g, 1.6 x 1019 x 5 x 1016
0
y
Ey
b qom=4.1eV
qxs =4.05eV
tox =50 nm
N,=5x 10 cm—3
0 y
: )
Qm
0 |
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Example (continued)

V4qNaesidp

Pt Ei
= - F
Vih = Vs + 2¢5 + . e E
OX
aVg
1.16 x 107

—093+2x041+ —— =1.57V.
* + 69 x 109

The depletion width at the onset of inversion is

yinv _ [4esids _ [4x 117 x 8.85 x 1071 x 0.41 V.,
dep g, 1.6 x 1019 x 5 x 1016

=1.45 x 10~%cm = 0.145 um.

0
y
EY
b qom=4.1eV
qxs =4.05eV
tox =50 nm
N,=5x 10 cm—3
0
' P y
Qm
. |

M. B. Patil, IIT Bombay



6 ‘
. 11 4 2
MOS capacitor: inversion charge £ (in 107 /em)
4 R St
Consider Vg > V. We have Vg = Vg + s + V. = ﬁE
The surface potential 15 stays approximately constant G aVe
(=2¢g) in inversion.
E
— The “excess’ gate voltage (beyond V4,) can only appear 0 ‘ ‘ ‘ .
. 1 15 2 25 3 \
as a change in Vox. Ve (vols) y \
_ ES ox \
Vi = Vg + 2¢5 + Vox, where Vo = E(07) tox = E(0F) = tox.
€ox R
, ~
y
E‘/
qpm=4.1eV
qys =4.05eV
tox =50 nm
N, =5 x 10 cm~3
0
y
Qm
0
—
M. B. Patil, IIT Bombay




MOS capacitor: inversion charge

Consider Vg > V. We have Vg = Vg + s + V.

The surface potential 15 stays approximately constant
(=2¢g) in inversion.

— The “excess’ gate voltage (beyond V4,) can only appear
as a change in Vo.

VG ~ VFB + 2¢B + Vox, where Vo p
ox

Ydep 1 Ydep 1 Yaep _
/ — [ ody=— [ Ta(-n; ~nyay
ot €si Jo+t €si Jo+t

5 E(Yaep) — £(07) = —£(07) % (—aNaYaep + Q1) — £(07)

e
Sy

£(07) tox = £(07)

de,

Yaep = Yiep

M. B. Patil, IIT Bombay

T
E (in 10" /em®)

O L L L
1 1.5 2 25 3
Vg (volts)
qNa Ydep QI
= —— — — where
€sSi €sSi

dec:
= 657|N¢B (=depletion width at the onset of inversion).
V' N,

aVe
E
"
Vox
0 —
y
E,
T qom =4.1eV
qys =4.05eV
tox =50 nm
N, =5 x 10 cm~3
0
y
Qu
0

(—/ y

1.8V




6 :
MOS capacitor: inversion charge E (in 107 /em’)
. 4 T ”’
Consider Vg > Vi,. We have Vg = Vg + s + Vox. = E
The surface potential 15 stays approximately constant G aVe ﬁ
(=2¢g) in inversion.
— The “excess’ gate voltage (beyond V4,) can only appear 0 ‘ ‘ ‘ " =
. 1 15 2 25 3
as a change in Vo. o Ve (volts) "
Vi = Vg + 2¢5 + Vox, where Vo = E(07) tox = E(0F) = tox.
€ox BLS.
Ydep 1 Ydep 1 Ydep
/ dfy:*/ pdy:f/ q(=N; —n)dy 0 Y
o+ €si Jo+ i E
N,Y. T m=4.1eV
— £(Yaep) — £(0F) = —£(07) = — ( s Yooy + Q1) —» £(07) = T Yoo Q1 e o sy
esi esi tox =50 nm
. [4ee: ) ] N, =5 x 106 cm—?
Yaep = Yily = ;7',\;{:3 (=depletion width at the onset of inversion). \5X -
0
Putting together the various terms, we get Qu ’
4gNaesids Q) Q 0
Ve = Vg +2¢p + ———— — = Vi — — (—/ y
Cox Coo " Cor
— Q= —Cox(VG — Vin)-
M. B. Patil, IIT Bombay 18V




MOS capacitor: inversion charge

6 \ B
(in 10" /em?)
L ] aVs

bl E
— o)
3 ]
5 Vo
1 0
y
] E,
I I I T qom=4.1eV
! 15 v 2( Its) 25 3 qxs=4.05eV
volts
G tox =50 nm
N,=5x 10%cm3
0
y
Qm
0

(—ﬁ y

M. B. Patil, IIT Bombay




MOS capacitor: inversion charge

6 ; E.
(in 10™ /cm?)
L J aVe
1 E
»
Voo i\
N
1 . .
y
EY
| | I T qém=4.1eV
1 15 2 25 3
qxs=4.05eV
vV (volt:
G (volts) tox =50 nm
; ; ; N, =5 x 10" cm 3
In a MOS capacitor with a uniformly doped p-type substrate, we can
describe the inversion charge with the following approximate relationship. 0
y
Qm
Q =0, Ve < Vin,

y
—Cox(V6 — Vin), Vi > Vin. (—/

M. B. Patil, IIT Bombay




MOS capacitor: C-V relationship

tox
M O |S
»
(¢
Gate Bulk
Vg
)y p-Si -
(¢
y
y=0

M. B. Patil, IIT Bombay



MOS capacitor: C-V relationship

tox
M O |S
»
(¢
Gate Bulk
Vg
)y p-Si -
(¢
y
y=0

* The DC current through the MOS structure is zero because of the insulator, and it
behaves like a capacitor.

M. B. Patil, IIT Bombay



MOS capacitor: C-V relationship

tox
M O |S
»
(¢
Gate Bulk
Vg
)y p-Si -
(¢
y
y=0

* The DC current through the MOS structure is zero because of the insulator, and it
behaves like a capacitor.

. . . dQ . . L . .
* The differential capacitance C = Ve is of great interest since it contains information
G
about several important parameters, such as the oxide thickness, oxide charge, and

doping density in the semiconductor.

M. B. Patil, IIT Bombay



MOS capacitor: C-V relationship

tox
M O |S
»
(¢
Gate Bulk
Vg
)y p-Si -
(¢
y
y=0

* The DC current through the MOS structure is zero because of the insulator, and it
behaves like a capacitor.

. . . dQ . . L . .
* The differential capacitance C = Ve is of great interest since it contains information
G
about several important parameters, such as the oxide thickness, oxide charge, and

doping density in the semiconductor.

* C depends on the bias (DC) value of V. A plot of the capacitance C versus the bias
voltage is known as the MOS C-V curve, and it serves as an important tool for process
evaluation.

M. B. Patil, IIT Bombay



MOS capacitor: C-V relationship

A B C
accumulation depletion inversion
tox —aVe : /
M O s N S B RS
a7 L B I e ol e B
~_— qVG ,,,,,
Gate Bulk E, v E,
Ve
N p-Si
O
y y y
y=0 ’
: 208
0—
: y y

M. B. Patil, IIT Bombay



MOS capacitor: C-V relationship

A B C
accumulation depletion inversion
tox —aVe /
M O s N S B RS
a7 L B I e ol e B
~_— qVG ,,,,,
Gate Bulk E, v E,
Ve
» p-Si
O
y y y
y=0 ’
: 208
0—
: y y
* Vo = Veg + Vox + ¢s;.

M. B. Patil, IIT Bombay



MOS capacitor: C-V relationship

""" A B C
accumulation E depletion E inversion
tox —aVe : /
M O s N S B [T, i
a7 L B I e 0 SR = -
~_— qVG ,,,,,
Gate Bulk E, e E
Ve
N p-Si -
O
y y y
y=0 ’
208
0—
: y

* Vo = Veg + Vox + ¢s;.

* 1)g;, the voltage drop across the semiconductor, is the same as the surface potential s
we take 1p(o0) as O V.

if

M. B. Patil, IIT Bombay



MOS capacitor: C-V relationship

tox

M| O |S

Gate Bulk

Ve | 1




MOS capacitor: C-V relationship

tox

M| O |S

Gate Bulk

Ve | 1

y=0

oo
Let Q be the charge per unit area on the metal: Q = —Qs = —/ pdy.
0



MOS capacitor: C-V relationship

tox

M| O |S

Gate Bulk

Ve | 1

y=0

oo
Let Q be the charge per unit area on the metal: Q = —Qs = —/ pdy.
0

If V¢ — Vg + AV, there is a corresponding change AQ in the metal charge.



MOS capacitor: C-V relationship

tox

M| O |S

Gate Bulk

Ve | 1

y=0

oo
Let Q be the charge per unit area on the metal: Q = —Qs = —/ pdy.
0

If V¢ — Vg + AV, there is a corresponding change AQ in the metal charge.

AVe  AVe+ Aths  AVex | Ads

AQ AQ AQ  AQ



MOS capacitor: C-V relationship

tox

M| O |S

Gate Bulk

Ve | 1

y=0

oo
Let Q be the charge per unit area on the metal: Q = —Qs = —/ pdy.
0

If V¢ — Vg + AV, there is a corresponding change AQ in the metal charge.

AVe AV + At AVee  Aghs 1 11

S N N N )
dVG dvox dws




MOS capacitor: C-V relationship

tox

M| O |S

Gate Bulk

Ve | 1

y=0

oo
Let Q be the charge per unit area on the metal: Q = —Qs = —/ pdy.
0

If V¢ — Vg + AV, there is a corresponding change AQ in the metal charge.

AV AV + Ats AV n Anps . 1 _ 1 n 1
AQ AQ CAQ  AQ dQ\ [ dQ dQ '’
dVG dvox dws
d 1 1 1
ie., C= Q is given by — = + —, a series connection of Cox and Cs.

dVe C Cx G



MOS capacitor: C-V relationship

tox
M| O |S
1Gq
C C
Gate ox | ~s Bulk
L —
Ve
p-Si =
1Gq
y=0 /

oo
Let Q be the charge per unit area on the metal: Q = —Qs = —/ pdy.
0

If V¢ — Vg + AV, there is a corresponding change AQ in the metal charge.

AV AV + Ats AV n Anps . 1 _ 1 n 1
AQ AQ CAQ  AQ dQ\ [ dQ dQ '’
dVG dvox dws
d 1 1 1
ie., C= Q is given by — = + —, a series connection of Cox and Cs.
dVe C Cx  GCs

M. B. Patil, IIT Bombay



—aVe

® ®
accumulation depletion inversion
E. E
................. E S
Er v l - Er . ¢
~—_—mo qVg.....| P4
E, ¢ T ~ E, CIG/)BI % E,
qVe
y y y
,,,,,,,,,,,,,,,,,,,,
2¢8
0
y y
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‘A)

@ @
accumulation depletion inversion
E. E
—aVg ~
................. E S
Er v l - Er . ¢
fp—————"— Vg... . .
E, ¢ T S E, CIUBI e E,
qVe
y y y
,,,,,,,,,,,,,,,,,,,,
2¢8
0
y y y

To obtain Qs(t)s), we start with n = nge¥/V7, p = poe=*/VT, Ny ~ N, = pg — no.

M. B. Patil, IIT Bombay



A B

C
accumulation depletion inversion
E. E
—aVg ~
................. E [
Er v l Er . ¢
~—_—mo qVg.....| . P4
E, ¢ T S E, CIUBI e E,
qVe
y y y
,,,,,,,,,,,,,,,,,,,,
208
0
y y y
To obtain Qs(ts), we start with n = noe¥/Vr, p= poe_u’/VT, N; =~ N, = pg — np.

Sufficiently far from the interface, v =0V, n=ng, p=po, p=p —n— N; =0.

M. B. Patil, IIT Bombay



A

B

C
accumulation depletion £ inversion
—qV¢ o /—c
_________________ E e B i

B | Er g

~—_—mo qVg.....| . P4
E, ¢ T S E, CIUBI e E,

qVe
— R— R—

To obtain Qs(1)s), we start with n = nge¥/V7, p = poe=*/V7, Ny =~ N,

d&
Poisson’s equation: proie L (p—n—N;).

€si

€si

= po — no-
Sufficiently far from the interface, v =0V, n=ng, p=po, p=p —n— N; =0.

M. B. Patil, IIT Bombay



A

B C
accumulation depletion £ inversion
—qV¢ o f—c
................. E S
Er | Er
Suiniii— /=S

E. I £ (oo | |7 E.
aVe

"""""""""" -
0
y y y
To obtain Qs(ts), we start with n = noe¥/Vr, p= poe_“/’/VT, N; =~ N, = pg — np.

Sufficiently far from the interface,

d&é
Poisson’s equation: — = £ _49
d s €si
de _de dv __ dE

dy  dy dy d

=0V, n=no, p=po, p=p—n— Ny =0.

(p=n—N7).

M. B. Patil, IIT Bombay



A

B C
accumulation depletion £ inversion
—qV¢ e — /—C
_________________ E e B i
B | Er g
~—_—mo qVg.....| . P4
E, ¢ T ~ E, qUBI S E,
qVe
y y y
,,,,,,,,,,,,,,,,,,,,
2¢g
0
y

To obtain Qs(ts), we start with n = noe¥/Vr, p= poe_’/’/VT, N; ~ N,

d&é
Poisson’s equation: — = £ _49
d €s;

de _ dE dv

dy  dy dy

gdS

dy

€si

o ede=9

(pfana

-,

& o (7% -2) o7 1) v

= po — no-
Sufficiently far from the interface, v =0V, n=ng, p=po, p=p —n— N; =0.

M. B. Patil, IIT Bombay



—aVe

® ®
accumulation depletion inversion
E. E
................. E S
Er Vl - Er
~— ——— QgVg..../
E T b £ (s | E.
qVs
y y y
,,,,,,,,,,,,,,,,,,,,
2¢8




@ ® ©
accumulation depletion inversion
L E E
_________________ E e B i
B | Er g
fp—————"— Vg... . .
E, ¢ T ~ E, CIC)BI S E,
qVe
y y y
,,,,,,,,,,,,,,,,,,,,
|2@B
0
y y




A B C
accumulation depletion inversion
E. E
—aVg ~
_________________ E‘_ _____________E_i_ i
B || Er g
~—_—mo qVg.....| . P4
E, ¢ T S E, CIUBI e E,
qVe
y y y
,,,,,,,,,,,,,,,,,,,,
IZOB
0
y y y

/y " eas=1 /w [ (/¥ — 1) — po (e=¥/V7 — 1] d.

We now obtain £(07) as a function of 15 and then Qs = —es; £(0) as the total charge
in the semiconductor per unit area.



A B C E, =3 2¢p E.
accumulation £ depletion £ inversion 10—6l ' . L . |
L c c
—aVe - acc. depletion inv.
................. E S
Er v l 3 Er T 1077 g
~—_—mo qVg.....| . P4 —
E T b || | E. %
L
aVe © 1070
g
y y y
1091
,,,,,,,,,,,,,,,,,,,, 1010 I I I I
IQOB -02 0 02 04 06 08
0 e (V)
Y Y Y flat bands

/y " eas=1 /w [ (/¥ — 1) — po (e=¥/V7 — 1] d.

We now obtain £(07) as a function of 15 and then Qs = —es; £(0) as the total charge
in the semiconductor per unit area.
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* In the depletion regime, the region near the surface is depleted of electrons and holes, and the variation of Qs with s
comes from the change in the ionised acceptor charge, i.e., the change in the depletion width with 5.
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* Since the depletion width varies relatively slowly with s (as v/1s), %

s

is relatively small in the depletion regime.
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* In accumulation and inversion, C — Co.
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* In depletion, C is smaller than Cox and is minimum when Cs is minimum. This corresponds to the situation where
there is no inversion charge yet, but the depletion width has reached its maximum value which happens at the onset
of inversion, i.e., Vg~ V4.
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* Since Vg = VEg + ¥s + Eoxtox, a change in Vg by AVeg causes the C-V curve to shift horizontally by
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However, the inversion charge — which is made up of
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* The low-frequency (f < 100 Hz) and high-freq (f > 1 MHz)
C-V curves offer an excellent “diagnostic” tool during
processing since they can be used to find the oxide
thickness, flat-band voltage, etc.
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