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gate voltage and surface potential

AV,

—

Vc; = AVOX + ¢S

A‘VO)C — x0£0x
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Gate voltage is surface
potential + oxide voltage drop

Bermel ECE 305 S18 3



band banding in p-type MOS
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space charge density vs. position

dt _ _p _ gN,

,O(x) /dx _ngo _ngo
W £=0

ox

depletion charge
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electric field (semiconductor)
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surface electric field (semiconductor)
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final answers (MOS in depletion)

W:\/ZKS80¢S cm
gN

£ = JM V/cm 5
ngO

0, =—qN W () Clem’

\ %

QB(¢S):_\/2qKs‘90NA¢S C/em* X

0<g, <20, What gate voltage produced
this surface potential?
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voltage drop across a capacitor

-V
__9/4
ox V
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yo 94
COX
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relation to gate voltage

- Ve = AV, + ¢
AVox _ _QB(¢S)
Z, Z(x)
> X
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MOS electrostatics: inversion

O =20,

X

7z

2 Maximum depletion
W, = {2[(580 2%} region depth P
gN , 9 P
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delta-depletion approximation

p N

metal /
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delta-depletion approximation

<
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MOS electrostatics: inversion

O =20,
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example

Assume n+ poly Si gate
10'8 channel doping
t,=15nm

What is V;?
e-field in oxide at Vg = 1V?
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MQOS capacitor

V. +vsimwt

e
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MOS capacitor in depletion

(6, )
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MOS capacitor in depletion

Gate

X, KO
(=7

W () K,

Undepleted P-type semiconductor
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a simpler problem

1 CCh o C

11
C C,
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C: p—
C, C,+C, 1+C /C,
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S.S. gate capacitance vs. d.c. gate bias

C

accumulation

flat band

ox

depletion
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S.S. gate capacitance vs. d.c. gate bias

flat band
C /
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capacitance vs. gate voltage

flat band
|/
ICox
accumulation _
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KX, inversion
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high frequency vs.
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side and top views of a Metal Oxide Semiconductor
Field Effect Transistor (MOSFET)

side view top view
V
V520 ey Vo |
n-Si B N-Si
I /4

p-type silicon

- source
SiO,
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/

1 2 C control
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transistor as a “black box”

terminal 1

V!

black _
box
terminal 4
terminal 2

There are many kinds of
transistors:

MOSFET

SOl MOSFET

SB FET

FiInFET

MODFET (HEMT)

bipolar transistor

JFET

heterojunction bipolar transistor
BTBT FET

SpinFET

Bermel ECE 305 S18 32



the bulk MOSFET

circuit symbol
Gate
E—— I,
I R I
Source Drain
Body

(Texas Instruments, ~ 2000)
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the MOSFET as a 2-port device

MOSFET circuit symbol common source
Drain
D N
] B
Gate — | G L
r‘ T | output VDS
VGS input I_
Source | S

current vs. voltage (IV)
characteristics 1) (

]D(VG’ V:%VD) ]D(VDS) at a fixed V., output

VGS) at a fixed Vg transfer




|\ characteristics: resistor

7] I=V/R
| Q + less ,'
b \ resistance Il
\l/ /
R ; T ’rr:ore
V resistance
V
o -~
I = V/R Ohm’ s Law
/
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|\ characteristics: ideal current source

1
I

/,
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|\ characteristics: transistors

n-channel
enhancement
mode MOSFET

i\
I
;TS T T E T T T T VGSI
/
/
/
/
/
%
\ T sl
| |
gate voltage gate voltage controlled
controlled resistor current source

linear region “saturation region”
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|\ characteristics: real current sources

0 1 [=1,+V/R,
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|\ characteristics: transistors

n-channel
enhancement
mode MOSFET
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output vs. transfer characteristics

output characteristics transfer characteristics

D VDS2 > VDSI

low Vg

A
|
|
I
|
|
|
|
|
|
|
|
|
|

VDSA T \

“saturation voltage”

“threshold voltage”
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MOSFET output characteristics
n-channel, enhancement mode (E-mode)

on-resistance

output resistance:

Roy (Q— pum) v, (Q—,um)
T —
b -
Iy T on-current (mA/um)
(mA/pm) | _ ==

T

O IR N NN

]D(VGS =Vps = VDD)

“subthreshold region”

—

1T Y H ” 14 -Y . 14
linear region™ “saturation region
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transconductance
g, = A
AV v
% ” VDS
o (48] pm)
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MOSFET device metrics (ii)

transfer characteristics:

off-current

N

e

VT SAT VT LIN
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MOSFET device metrics (iii)

transfer characteristics:

10;0 I 0 Vs = Vo fon
(mA/um) Vo =0.05V
T——————- ~1 DIBL (drain-induced barrier lowering)
(mV/V)
oﬁ-current\ subthreshold swing:
(mV/decade)
II/ i > VGS
T Vo
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Example: 32 nm N-MOS technology

Iy (mA/micron)
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n-channel vs. p-channel MOSFET

n-MOSFET 0-MOSFET
1, 1
A
V.=0 Vs>V2 V [>0 V=0 Ve<Vi V<0
I I
< 7 > 7 >
p-type silicon n-type silicon
side view side view
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applications of MOSFETSs

switch
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amplifier

NG—

input
signal

i

S

output
signal
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summary

Given the measured characteristics of a MOSFET, you
should be able to determine:

on-current:

off-current: /-

subthreshold swing, S

drain induced barrier lowering: DIBL
threshold voltage: V(lin) and V(sat)
on resistance: Ry

drain saturation voltage: V.t

output resistance: r,
transconductance: g,,

©oONOREWN =

Our goal is to understand these device metrics.
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conclusions

« Can calculate the charge distribution,

surface potentials, and gate voltage ranges
for each MOS regime

» Can then calculate capacitance as a
function of frequency and gate voltage

« The MOS capacitor is the foundation for
MOS field effect transistors, characterized
by many device metrics

= Next time, we will use band structures to
estimate the device metrics for MOSFETs
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