EE415/515 Fundamentals
of Semiconductor Devices
Fall 2012

Lecture 10:
MQOS Capacitor
(Chapter 10.1, 10.2)
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MOS capacitor \

Assume p-type substrate, i.e. N-channel device

Metal . . ; &
/lml”,m_ Capacitance/unitarea C’' = —%
- c (oxide) to><
ax 0ax

Semiconductor Charge/unit area Q/ = C/V
substrate
l Metal "gate”

Figure 10.1 | The basic MOS capacitor

structure.

-

MOS=metal-oxide-semiconductor

/
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Negative gate bias

+
i)
Figure 1.2 1{a) A parallel-plate capacitor showing the electric field and conductor charges. (b) A corresponding
MOS capacitor with a negative gate bias showing the electric field and charge flow. (¢) The MOS capacitor with an
accumulation layer of holes
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Positive gate bias

+ 4+ +l+ + +

X4
¢ *E-ﬁﬂd 4| )
p type ) — —

(a) (b)
Figure 10.3 | The MOS capacitor with a moderate positive gate bias, showing (a) the electric field and charge flow and

(b) the induced space charge region.

Negative space charge region is depleted of holes
— immobile negative acceptor ions

- /
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/ Band-bending with applied bias:\
accumulation & depletion

regions

Figure 10.4 | The energy-band diagram of a MOS capacitor with a p-type substrate for (a) a zero applied gate bias
showing the ideal case, (b) a negative gate bias, and (c) a moderate positive gate bias.

Accumulation layer of holes

b
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Gat: (N - o e Eyy “Flat band”
. —___ .
Zer e s condition
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(@)
™~ L, E,
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Increased positive bias: “Inversion”

/ Inversion layer of electrons

Gate
o =
“Large
positive

voltage

Oxide

-

Figure 10.5 | The energy-band diagram of the MOS capacitor
with a p-type substrate for a “large” positive gate bias.

“Inversion” layer:

Er>Er  — n-type

— electrons

“N-channel”

J
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N-type substrate

+ £ *JlF i | s a sl o
| E-ficld E-field +
****** 1t L -
v —v
/ e T- / n type T+

T 7

Accumulation layer Induced positive space

of electrons

charge region

(@) (b)

Figure 10.6 | The MOS capacitor with an n-type substrate for (a) a positive gate bias and (b) a moderate negative
gate bias.

o /
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Accumulation, Gae _ / o E
depletion, & -
p-channel inversion

Oxide

Oxide

()
K Figure 10.7 | The energy-band diagram of the MOS
capacitor with an n-type substrate for (a) a positive gate

as, (h) a moderate negative bias, and (c) a “large”
10/17/2012 negative gate bius,
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/ Surface potential o, \
depletion width, & inversion
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Figure 108 | The energy-h:
semiconductor, indicating surface potential.

Figure 10.9 1 The encrgy-band diagram in the p-type
semiconductor at the threshold inversion point.

) At threshold : inversion region width
¢, = potential across space charge layer

485¢fp 485 kT Na

i ; : 2649 Xgr = — = —In—+

Compare one - sided pn junction : X, = f eN, eN, e n
e a

Increase bias beyond threshold :

Define the "inversion threshold" when ¢, =24, X changes little
Inversion threshold = threshold gate voltage ¢, & surface electron density incr
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/Ex 10.1 Find x4 for an oxide to p-type Si junction at 300K with\
N_=2x10"5/cm3. Does x,; increase or decrease as N, increases?

N, 2x10"
o =V, m[i]= (0'0259)1n[1.5x101°j

=03056 V

1/2
B 4es¢fp
Xar = T eN.

a

_ {4(11.718‘85“0'” X0.3056)}”2

(16x10™ J2x10")
Xy =629x107 cm
or X =0.629 ym
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4 N

P-channel inversion threshold

\ ] 7
T E.
e, = 2oy, +—lg——— d—— —— —— — — — — Ey
' SN ! e,
\ ~ e I
-~
Y U Ep;

Figure 10.10'| The energy-band diagram in the n-type
semiconductor at the threshold inversion point. /
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X4 Variation with N_, N,

r T=300K

Maximum depletion width, x g (am)

0.01 [ N Lo Lol T
10! 1013 10t 10'7 101

N, semiconductor doping (em )

Figure 10.11 | Maximum induced space charge region width
K versus semiconductor doping. /
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/ Surface
charge density

where ng =n; exp

and A¢s = ¢s _2¢fp

kt
= electron concentration at threshold,

E.-E.
Electron concentration n=n; exp%
so electron inversion charge density
e +A
ns = ni expM
kt
edy,  eAg, eAd,
=n, ex ex =N ex
PP Pt
e¢fp

Note nq incr rapidly with ¢, (gate voltage),
SO X47 approx constant

“)I:'i -
o
5 ]OIT L
For ng=10"6/cm3
at threshold
lolﬁ 1 1
2, Qeby, + 0.06)  (2eby, + 012

¢, (volts)

Figure 10.12 | Electron inversion charge
density as a function of surface potential.
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104

p-type Si (300 K) (
N,= 4 x 10" em?

w0

10°F

Q (coul/em?)

107

wHr

~exp(

b, (2kT)

Accumulation)

lonized acceptors

~ exp (b, (2kT)
(Strong
inversion)

£
lrog,

Ll

ng > N,

(1
! 0.4

&, (volt)

Figure 6.14

Variation of space-charge density in the semiconductor as a function of the surface potential
b, for p-type silicon with N, = 4 x 10!5 cm=3 at room temperature. p, and 5, are the hole and
electron concentrations at the surface, ¢ is the potential difference between the Fermi level
and the intrinsic level of the bulk. (Garrett and Brattain, Phys. Rev.. 99, 376 (1955).)
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Work function effects

ex;~ 0.9eV Vacuum level
for S0, vacuum level Metal \ Oxide p-type semiconductor
ex t —= Oxide
—= eV N7 | conduction
— -7 1 band
ex
e,
v
E(
& E,~9eV
--------- Ep
S e — Epg
E,
—)—E, .
Metal Silicon dioxide p-type silicon M 0 s
(a) (h)
Figure 10.13 | (a) Energy levels in a MOS system prior to contact and (b) energy-band diagram through the
MOS structure in thermal equilibrium after contact.
10/17/2012 @,/ & ¥/ “modified” for e- injection into oxide conduction band

4 )

Work function effects

) V=6 o) 2o -y
(e¢m+eli)+e uxO_(eZ +eZi)+ 2 e¢so e¢fp

ie.V - / / 3 _
Le. ux0+¢so__ ¢m_ X +2e+¢fp __¢ms

where ¢, is the metal - semiconductor work function difference

Vacuum level
Metal Oxide p-lype semiconductor
Onidde

conduction
band

_ /7; /
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/Ex 10.2 Find o, for Al-SiO, ¢,,/=3.20V and Si-SiO, x'=3.25eV. \

Assume E;=1.12eV and N,=107¢/cm3.

N 1016
=V, In| — |=(0.0259)In| ———
Py =Vi [ J ( )n[l.sxm“’J

=0347V

_ y ' Eg
¢ms - ¢m - X +E+¢fp
=[3.20-(3.25+ 056+ 0347

4, =-0957V

ECE 415/515 J. E. Morris 17
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ex’
ey’

eV,
E E‘
ex' rdB 4 7_~. ; l
n Fi —,—

!
e LY "»}
p poly

n

M 0 M 0 S
(a) (b)

E,

polysilicon gate and (b) a p™ polysilicon gate.
Degenerate - E. =E_ orE, In practice, E . possibly 0.1-0.2¢V above E or below E |
n*polysilicon : p*polysilicon :

2e

/(Degenerate) polysilicon gates \

Fp = F  e— ,‘. ‘.I
! ' r E, L 2
poly P “Prp B
pol Ep=E, —l _____ ’Y__ _E
M~ —— E.

Figure 10.14 | Energy-band diagram through the MOS structure with a p-type substrate at zero gate bias for (a) ann”

/ / Eg EQ / Eg / Eg EQ
Bus =| X —(z ++¢pr =—(2e+¢pr P = (1 +ej—(z +2e+¢fpj =(2e—@/

10/17/2012 ECE 415/515 J. E. Morris 18

10/17/2012




-

N-type substrate (negative bias)

N
ed,
S

M (0]

Figure 10.15 | Energy-band diagram through the MOS struc-
ture with an n-type substrate for a negative applied gate bias.

*
eV
T
/ / 9
=¢n—| ¥ +—+
ex ¢ms ¢m Z 2e ¢fn
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® . vs substrate doping 06 /

for various gate materials T L
02 Semssae )
- B Au (p 5i)
EE 0 e
- -
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o n" poly (n 8i)

Al (n 8i)
A

I (p Si)
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1

kLYY 1
1014 10'3 1n'e 10'7 108
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Figure 10.16 | Metal-semiconductor

work function difference versus doping for

aluminum, gold, and n~ and p~ polysilicon
ECE 415/515 J. E. M£ales.

(From Sze [17] and Werner [20].)
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/ Flat band voltage \

(=gate voltage for zero semiconductor band bending
i.e. for zero net space charge)

——————————— Er  For zero gate voltage :
E, Voo T80 = 0
For gate voltage Vg = AV, + Ad,
= (Vox _Voxo) + (¢s - ¢30)
=Vox + 0 + s

Figure 10.17 | Energy-band diagram of a
MOS capacitor at flat band.

o /
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/ Oxide charge \

May have Q/__/unit area trapped charge

p-type

Metal Oxide semiconductor For zero net oxide charge at flat band :
/ / : /
Qm + st = O > Le. CoxVox + st = O
Q) Q;, / /
- Q st

£ and Vg =V, =4,

\{ \_ ie. V = <

ms C
since ¢, =0 at the flat band condition

[ 0oX

Figure 10.18 | Charge distribution in
a MOS capacitor at flat band.

- /
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/ Ex 10.3 Find Vg for a MOS capacitor with a n+ poly-Si
gate and N_=2x10"5/cm?, t, ,=4nm, Q',.=2x101%e/cm?.
What is o,,,.?

o

From Figure 10.16, ¢, =-1.03V

c, = o (39 18.85x10‘“)

to 401078

Au (n Si)
06 /

~-
-
-
~———

b, (V)
T Ar
z
L)
&

—-04 ===
n* poly (n Si)

Al (n Si)

Al (p Si)
n" poly (p Si)

—06
=085

—10F~~=al

1 S
10 10" 10'0
Ny (em™)

L
107 10!

Figure 10.16 | Metal-semiconductor
work function difference versus doping for

=8.629x107 F/lem?
Then

Qs

Vig =P — ==

B ¢ms COX
(x10")1.6x107)
=-103 - — R~

8.629x1077
Ve =—-1.034V
10/17/2012 ECE 415/515 J. E. Morris

aluminum, gold, and n™ and p~ polysilicon
gates.

(From Sze 171 and Werner [201)

-~

Threshold voltage

=gate voltage for the inversion threshold

\

Metal

P-l’)’pl;‘
Oxide semiconductor

TN

— X7 —v|

(Assumes :

| O'sp(max)| = eN, x4z

Figure 10.19 | Charge distribution in a
\MOS capacitor with a p-type substrate at

the threshold inversion point.

Threshold : ¢, =2¢,, or 24

0, Charge conservation

/ / /
= Qur Q4 = ‘QSD (max)‘ =eN, X

inversion electron density = 0
at the threshold)

/

10/17/2012
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Threshold voltage

M O S

Qeturc with a positive applied gate bias.

E, =
~ C

& Pt E

EEFRH T iy S ST el S R

E,
Ve o COX C: + 2¢fp + ¢ms

Figure 10.20 | Energy-band diagram through the MOS

VG = Avox + A¢s =Vox + ¢s +¢ms
VTN =VoxT +2¢fp + ms
_ Qur

+ 2¢fp + ¢ms

ox

_ |QéD (max)| B Q!

tOX
0X

&

(04 (max)| - QL J+ 24, + ¢

|QéD (max)|
4

=VFB C 2¢fp

"t
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Ex 10.4 Find ¢,,, & V, for Si MOS device at 300K with a p*
polysilicon gate, N,=2x1015/cm3, t,,=8nm, Q'_.=2x101%/cm?2,

From Figure 10.16, ¢,s =+0.28 V
We find

1.5x10"

=0.3653V

) _{4 c. ¢fp }1/2
dT —
eN,
_{4(11.7)(8.85x10-“‘X0.3653)}”2

(L.6x10 fax10)
=2.174x10" cm

-

N 2x10'°
b =V, m[naj_ (0.0259)111[X

|

Qs (max} =eN Xq

= (16x107" J2x10'* f2.1744x10°)

=6.958x10"°C/em ?
Then

t
VTN _QQéD(maX)QQS(EUX ]+¢ms Jr2¢fp

6.958x10*)-(1.6x10™ Jox10" Jfgox10°*)

(3.9)(8.85x10™)
+0.28+2(03653)

=116V

\

Vo =0.1539+0.28 +2(0.3653)

10/17/2012
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Depletion/enhancement modes

~

|
| .
2 A
P-type /! / i Enhancement
substrate /I ! | (heavy doping necessary)
T
~ / H
> -
T 0 /4 / 'l
& 0, = ‘.__1:-‘_, / )
. --EJ--:I-["-‘ em 2 P / /:
L L_+- 1/ Depletion
0, =5x10"cem e
-2 J i
2 -
[e] 102 em™2 L
e
]OH InH IOH ]Om |0l7 10]8
N, (em™)
Figure 10.21 | Threshold voltage of an n-channel MOSFET
versus the p-type substrate doping concentration for various
values of oxide trapped charge (.. = 500 A, aluminum gate).
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N-type substrate

\

Vi = gi (_ ‘QéD (max)‘ - Qs/s )_ 204 + P

3

Ny(em™)
10" 104 1015 10'6 1017 1018
0
Q' =0 i / / Eg
O I Depletlon ¢ms =0n—| X +7_¢fn
@, =10"cm 2~ [~ Enhancement
= 55 ! /
=~ ‘QSD (max)‘ =eN Xy
- -2 r— —
= —
= ——
= 0L =5x 10" em 2| de oy,
XdT N
Y — eNy
—— -—-.._‘-.
o' =107 cm : " kT Nd
| l\ ¢fn =—In—
—4 e n;
Figure 10.22 | Threshold voltage of a p-channel MOSFET
versus the n-type substrate doping concentration for
various values of oxide trapped charge (r,, = 500 3\,
aluminum gate).
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for: p* poly-Si gate, N,=2x10"¢/cm?3, t,,=20nm, Q
Determine the threshold voltage.
Is it a depletion or enhancement mode device?

/. <=5%101%/cm?

From Figure 10.16, ¢, =1.06 V

QS’D(rnaX} =eN,d,

/Ex 10.5 Find V., for n-type Si/SiO, MOS capacitor at 300K \

10/17/2012
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We find =(1.6x10" 2x10" J2.1744x10™)
Ng 2x10' =6.958x10"*C/cm 2
b =V, h{ni]: (o.ozs9)m[15x10m] Now
— tox
=0.3653V s V-rp = [—‘Qéo (max]_Q; ](E ]+¢ms - 2¢fn
4 € ¢ >
X =)o [ (6.958x10*)—(5x10")(1.6 x 10~ 200 10)
‘ o - (.9)8:85x10™)
~[4(11.7)(8.85%107 {0.3653) +1.06-2(03653)
1 (ext0™ foxi0) Vip = —0.4495+1.06-2(0.3653)
=2.174x10" cm or Vrp =-0.12V

o /

a

Accumulation, depletion, & inversion modes

Metal Oxide p-type semiconductor
— jac|
+0Q'
\.— .E(.
el
—————————————— Ep, i
___________ E; ' -0
\_— t

(a) (b)
Figure 10.23 | (a) Energy-band diagram through a MOS capacitor for the accumulation mode. (b) Differential
charge distribution at accumulation for a differential change in gate voltage.

pacitance-Voltage Characteristic;

K C'(accumul)=C,_, = ‘tg“ /

10/17/2012
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C-V Depletion mode

Metal Oxide p-type semiconductor

(a) (b)

Figure 10.24 | (a) Energy-band diagram through a MOS capacitor for the depletion mode. (b) Differential
charge distribution at depletion for a differential change in gate voltage.

1 1 1

=t
c (depl) Cox CéD
/
= C/(depl) = C"‘CSD/ - Co since C,, =S g Céh =5
Cux +CSD 1+ COX t +gﬂx tox Xy
C/ 0X c d
SD s
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C-V Inversion mode

Metal Chside privpe semiconducton
P P 40|~
e !
| .
E, O —
- 1 .
H ) le— Xr —
——hm—————— “Fi
‘-.g. -0
H
1 | g
|
M L8] 8
(a) b}

Figure 10,25 | {a) Energy-band diagram through a MOS capacitor for the inversion mode, (b) Differential charge
distribution at inversion for a low-frequency differential change in gate vollage.

At inversion, x reaches its maximum, and C(depl) reaches a minimum = C/. =

min

. . . £
K and at strong inversion x; = x ;; does not changeand C’(inv) = tl

ox

&

ox

- Eox
tox + XdT
&,

s
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C-V characteristics

A
Cox W€

e e——
l._f_J
Accumulation Crp I\
|
|

Depletion —

Moderate
inversion

|
I
|
I [
|
|

Strong ox

[
CFB_

inversion

1
min

Vep 0 Vr

Figure 10.26 | Ideal low-frequency capacitance versus
gate voltage of a MOS capacitor with a p-type substrate.

Individual capacitance components are also shown.

g kT &
t, + -2 [
e\ e eN,

/
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/Ex 10.6 MOS capacitor: n* poly-Si gate, N,=3x10"%/cm?3, \

t,,=8nm, Q. .=2x10"%cm?2. Find C/,,/C,, & C'sg/C,,.

c. - o (.9)885x107*)

tox 80x10°*
=4.314x10" F/em?

3x10'°
=(0.0259)In| ==~
#o = ) [1.5><10‘°

o _[4017)s85x10" Yo.3758)]
Tl (ex107?f3x10)

=1.80x10" cm
Now

] =03758V

Cc' = Sox

min <
ox
tox + [ j XdT
Es

_ (3.9)8.85x10*)
80x10"° +( 39 ](1.80x10*5)

11.7
=5.076x10"° F/cm?

We find
Cpn _ 5.076x10°°
C, 4314x107
Now

=0.1177

EOX

! —
B~ 7/ N
EOX Vl ES
tox + S
= eN,

(3.9)8.85x10™)

c

(39 [(00259)11.7)8.85x10)
5010 J{ )\/ (16x107 J3x10)

11.7

Ciy =2.174x107 Flom?
We find

Lﬁ_ 2.174x1077

= = 0504
C, 4314x107

/

10/17/2012
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C-V for n-type substrate (p-channel)

e —
Strong
inversion

‘ ﬁ“‘
/ Accumulation

Depletion
Moderate ple

inversion

0 Vo —

Figure 10.27 | Ideal low-frequency capacitance versus gate

voltage of a MOS capacitor with an n-type substrate. /

o
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\

Low/high frequency

Metal Oxide

frequency

p-type semiconductor T Low
|aQ'|

C
-
™ //
Accumulation N
’ /
+Q /

] y
i High
frequency

——
TLL |dQ' | Inversion
+ 7Q'

r 0 Vg ——

Figure 10.29 | Low-frequency and high-frequency capacitance
versus gate voltage of a MOS capacitor with a p-type substrate
Figure 10.28 | Differential charge distribution at inversion

for a high-frequency differential change in gate voltage.

At high frequencies, inversion electrons cannot respond, so C—C,,,
wnversion electrons come from minority carrier diffusion from p-type or EHP generation)
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Q’.\.\.‘ = Qr\.\Z Qi.;.\2 = Q’.\a] Q!.u] =0 T

| Veg = e - 25
Co Q' = 0 (ideal) FB M o

0X

Curves (V) move with Q.

Vegs Via Vest Vipo0 Vg—»

v
Cmm

Figure 10.30 | High-frequency capacitance versus gate
voltage of a MOS capacitor with a p-type substrate

/Effect of fixed oxide charges Q’ss\

for several values of effective trapped oxide charge. /
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Neutral E,
acceprors

Interface roune 5+
charge effects P '

E,
E(
Allowed ] Acceplor states

Neutral
electronic deeeplors
energy | TY T Eﬁ Neutral
states Donor states donors
E,
Figure 10.31 | Schematic diagram
showing interface states at the oxide-
semiconductor interface. Neutral
acceptors {
Interface states:
Negative charge on acceptor states if E<Er "
e . e
Positive charge on donor states if E>Eg donors

el

Qarge can flow between substrate and states

y ey-band diagram in a p-lype semi-
conductor showing the charge trapped in the interface states
10/17/2012 ECE 415/515 J. E. when the MOS capacitor is biased (a) in accumulation, (b} at
midgap, and () al inversion,

10/17/2012

19



10/17/2012

-

Effect of interface states on C-V

~

o

S
With T
N
interface —/ ~4

states

— [— Cpp (flat-band)

/r- Midgap

Figure 10.33 | High-frequency C-V characteristics of a
MOS capacitor showing effects of interface states.
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