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IIHI structure

METAL-INSULATOR-SEMOCONDUCTOR (MIS)

gate Us
eg. aluminum
; ; Mostly, silicon
dielectric sl 16,

AGH
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bt MOS structure
POLARIZATION
Us=0 Us<0
metal /{fi':,‘;t”c
Sio, <
accumulation
silicon p layer
neutral state accumulation
(equ‘llbr‘lum) o -hole - a majority carrier

A - acceptor dopantion
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o MOS structure
POLARIZATION

Ug>0 Ug>>0

| |

electric
field

inversion

layer
depletion e
layer depletion
layer
neutral
area

depletion inversion

® -hole - a majority carrier
e -electron - a minority carrier

A- acceptor dopant ion
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bt MOS structure
ENERGY MODEL

Us
metal
Sio,
silicon
type p

EIT PD Electronic Devices - MOSFET

2014-05-13



2014-05-13

MOS structure

ENERGY MODEL

* Work function W — the energy required

il to transfer an electron from the Fermi
level to infinity (W, - W), (free electron

energy of the electron in vacuum in vacuum)

Jaz dév. dds

* Electron affinity y - determines the work

AGH

o function from the level of the minimum
E energy in the conduction band E.
el b g ax, 9xs

* ¢ —work function potential from metal
* ¢ — work function potential from
Semiconductor type p semiconductor
* i — electron affinity of insulator
Ideal structure * ¥ s — electron affinity of semiconductor

Simplification: - equal work functions of metal and semiconductor (g, ¢s) — the same Fermi levels
- omitted surface states at the border of the dielectric-semiconductor (surface charge)
- homogeneous insulator - omitted charge in the insulator

metal

J101e|NSUI

EIT PD Electronic Devices - MOSFET 7

MOS structure

AGH
ENERGY MODEL - POLARIZATION
accumulation depletion inversion
Ug<0 Ug>0 Ug>>0
i i I L i UL
s
3 Jooen ‘
LS I = S B 7 :
A E T el i S e e Er L L Er
Z P ., ?EF;L_ /m E, X l /—m E,
H| ol [0
op | p
P Q 1 N 3 Xinw
% ° X N e X R [ X
E Q Qs=Qq Q"
F (Qu=-aNax) Qs =Q,+Q
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MOS TRANSISTOR

Let’s make a transistor

o
&
N e @
Ao 1l
S o
| 1=
— i
Uu>o0 1>0 U>0 1>0
Current flows. But there is no control possibility.
EIT PD Electronic Devices - MOSFET 9

MOS TRANSISTOR

another diode

Ug =00

P

gl >0
|
Uso

We need a kind of one-directional valve - diode

It is OK.

Current flows only when there are electrons under the gate — there is a channel
Gate voltage Ug can control the current by changing the thickness of the channel

EiT PD
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MOS TRANSISTOR -structure

The cross-section of the enhanced MOS transistor, n type channel

bramka z warstwa SiO, (oxide)
(Gate)
|

zrodio
(Source
Si0O;

i‘iﬁi’---' W ] w

podioze (Body) p-Si |, Ve

L — channel length
W — channel width

Figure from: S. Kuta ,Elementy i uklady elektroniczne”, AGH 2000
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MOS TRANSISTOR
BASICS OF OPERATION
Ups
—a3 B Blm>
S (15 D
I If there is no channel, the
AN J_ n B current in the drain-source
<0 | circuit does not flow
& -’- > (except very small reverse diode current)
_I_
B
~ Upd3 0
DS |D f 0
Iy -
A4
N D
L1 N
Yos N L1
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(il MOS TRANSISTOR

BASICS OF OPERATION

AGH

Ups

Ugs > Vy — inversion:
» changes of U cause
Ugs> Vy Y modulation channel
\ conductance
thus controlling drain
current

Ir=D ‘
Io

s D LINEAR OPERATION

EIT PD Electronic Devices - MOSFET 13

I kG~
(i MOS TRANSISTOR

BASICS OF OPERATION

AGH

pinch-off
Ups=Ugs— V;
increasing of Uy

Ups> U= V.
Z Il “HR | 4
N7

s> Vil Z SATURATION:
changes of Uy, DO NOT
> B CAUSE increasing of drain
pis Upd3:00 current

Ip= Bonst.
Io i

EIT PD Electronic Devices - MOSFET 14



MOS TRANSISTOR

DRAIN CURRENT

One has to integrate the equation (1) ,along the channel length”, from

Ups>0

e el - OV to Upg:
| z Io Idy:coxﬂew I[UG -V; —U(y)]dU (1)
. y 0 0
) =
- ; | L then we get: u?
IoL =Cotte W|:(UGS -Vi )UDS = = }
L — channel length 2
W — channel width and finally:
W U2
Linear area Ip =Coutte T|:(UGS —V; )Ups —%} (2)

When the Uy reaches the value Upg = Ugg — V1, then according to (2) drain current would have to
decrease(in linear area I is proportional to U?;c). Then at the drain the channel is pinched-off —
saturation of I takes place. Therefore, substituting (Upg = Ugg — V1) to (2) one obtains formula for 15
current in saturation :

2
ID =C 1 ﬂ (UGS _VT)
Saturation area KL 2 For the P-type transistor, the drain
current and voltage are negative
EIT PD Electronic Devices - MOSFET 15

MOS TRANSISTOR

OUTPUT CHARACTERISTICS

LINEAR AREA SATURATION AREA
Ugs > Vq, Ugs >V
0V < Ups < Ugs =V, Ups > Ugs = Vrp > OV
w uj3 w 2
) =T:uncux Ues _VT)UDS_%:| Iy =i,uncuxa-JGs -Vi)
P,
Vrp =41V
Ip [mA] / /
/ Vgs =5V
‘4
Charakterystyka
¥ idealnego MOSFETa, V,,
=10V
’ CUT-OFF
Ugs <V
’ Ips=0
Vgs =2V
0 N\
2 ' 2 \:4 . T
Ups =Ugs Vs
EIT PD Electronic Devices - MOSFET 16
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MOS TRANSISTOR

AGH

OUTPUT CHARACTERISTICS

15 [A]

0020
Zakres nasycenia Zakres nienasycen|a Zakres nienasycenia Zakres nasycenia
0000 {25y %018 Ugg=10V
- 0016
-0,002 { Yes=3V o Ugg=0V
=4V
L0004 { V¢ . o012 Ugg=8V
<
0008 { Ve = oo T
0,008
-0,008 1 Ugg=6V 0,008 Ugs=8V
0,004 YosS
-0,010 X
e 0,002 Yog™t¥
0012 :
Uge=8V 0,000
-0,014 . .
12 10 8 6 -4 2 0 0 2 4 6 8 10 12
UDS [V] Uns [V]
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MOS TRANSISTOR

AGH
TRANSFER CHARACTERISTICS
SATURATION AREA
Ip [mA]

‘ Ves> Vi Vps =4V

Vps > Vs — Vi, > OV

W v:;\s =3V
3 Io =i.uncox(UGS -Vi )
\
s =2V

’ LINEAR AREA

Vrp =1V Vs =‘|\v Vs>V,
k OV < Vs < Vs — Vi,

w U2
° Io :T/‘nco{(ucs =Vi)lUps — ;sj|
2 -1 0 1 3 “
4 Ves M
EIT PD Electronic Devices - MOSFET 18
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MOS TRANSISTOR

AGH
0,020
0,000 0,018 —"
Py 0,016 Upemav
0014
0,004 - Ues=WV U3V
0012
— 0,006 1 —_ 4
< T T 000 —
L2 o8 L 0,008
0,010 4 Ups=3v e UgsstV
0,004
00124y =
L 0,002
0,014 {yzey o
0016 0,002
12 10 ) ) 4 2 0 2 4 6 8 10 12
UgelV] UsglV]

Is it possible for these characteristics to indicate the linear area and saturation?

EiT PD

Electronic Devices - MOSFET
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AGH
TYPES OF MOS TRANSITORS
- enhanced N-channel: Ujs>0, I;,>0, Ugs>01 Ur>0
- If Ugs = 0 => no channel
Do obszar
Izolacja
bramki
sio,
G
- enhanced P-channel: U;,4<0, 7,<0, Ugs<01 Ur<0
n obszar p*
e v,
G G Oy .
’ 0—{1 —o |l
Tl
o [
Figure from: S. Kuta ,Elementy i ukfady elektroniczne”, AGH 2000
EIT PD Electronic Devices - MOSFET 20
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TYPES OF MOS TRANSITORS

depletion N-channel: U, >0, 7,0, U;s<0 1 Up<0 ;
P P e ! At Ug¢=0 channel exists

Py abszar and current /,, can flow

Figure from: S. Kuta , Elementy i ukfady elektroniczne”, AGH 2000

EIT PD Electronic Devices - MOSFET 21

Ao Example

A MOS n-channel transistor has a threshold voltage
At: V=4V and V=2V, the I,=5mA.

What would be the value of I,
if Ugs increases two times?

EIT PD Electronic Devices - MOSFET 22
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MOS TRANSISTOR

CHANNEL LENGTH MODULATION EFFECT

In linear area, it does not appear:

W U
Ip= Tﬂncux[UGS -Vr *%}U DS

In saturation:
B Influence of the Upg increase, w

channel is getting shorter ID = Zﬂncox(UGS —VT)2(1+ AU Ds)

//—\

What is going on
with |, current?

Ups =Ugs —V;

This effect is often referred to as channel length modulation effect

EIT PD Electronic Devices - MOSFET 23
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MOS TRANSISTOR

BODY EFFECT

V; =V +7(J@, —Ugs —\/as) for NMOS

y- bulk coefficient

NMOS

008

008 005
008

oot
0.04

LA V21,1A] 0o
oo

o
002

00 ot

) 00

45 40 as -30 25 20 45V 10 V. e
Upg=UgglV] ' ch Uoslvl
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MOS TRANSISTOR

AGH
other phenomena
e SHORT CHANNEL EFFECT
s § Shorter channel
R ——
/ depletion areas D-B and S-B are closer to
depletio obszar 2bozony each other, they are ,,covering” the channel

$

the share of Uy in creation of channel
increases

¥

voltage Ugg requires less work in order to
create the channel

$

Lower threshold voltage V;

B

EIT PD Electronic Devices - MOSFET 25

MOS TRANSISTOR

other phenomena
* NARROW CHANNEL EFFECT
e e (%“ L Narrower channel

electric field caused by Ugsinduce depletion
area not only under the gate

¥

channel is getting narrower, thus the share of
Ugs in inducing depletion area not under the
gate increases

voltage Ugg requires more work to create

narrow channel channel
higher threshold V;

Short channel
W, L

EIT PD Electronic Devices - MOSFET 26
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MOS TRANSISTOR

other phenomena
* SUBTHRESHOLD AREA

AGH

weak inversion: ¢ < @s<2¢¢

o
-U
ID = IO(U GS)|:1—e)¢)[—DS]} subthreshold
¢T area
UGS
Vy
Diffusion mechanism of current flow
ET PD Electronic Devices - MOSFET 27
MOS TRANSISTOR

AGH

EFFECT OF TEMPERATURE

Drain current is affected by temperature dependence:
— mobility of carriers in the channel
— threshold voltage

Temperature coefficient of drain current for saturation range:

_lap oM , 1 M TWI, can be
A T TR positive, negative,
For mobility: (zz ~T~%): or ,zero" ,
1% Ta depending on the
;a_T:_? voltage U
For threshold voltage: Io
E) Qu

Vi =0n—Zs 2y +57/

Eg slightly decreases when temperature goes up
@ it changes about —2mV/K

EIT PD Electronic Devices - MOSFET 28
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(il MOS TRANSISTOR

LARGE-SIGNAL MODEL

2 g
O "
N\

~

e
o)
o)

S
e
)s

EIT PD Electronic Devices - MOSFET 29

I kC”
i MOS TRANSISTOR

LARGE-SIGNAL MODEL

DS
DS
SATURATION AREA >
W I Megd T
D ox/te
4 _
small-signaland DC comp6nents l
diodes B-S i B-D: / B
. U . U
igs = Is[exp[u—f] —1}, igp = I{exp(f]—l}

EIT PD Electronic Devices - MOSFET 30
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i MOS TRANSISTOR
AMPLIFIER
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KC”

P
ID
1
1
1
Uoo/Ro 1/Ro/"
1
/ Q
. 1
Ubs /
Ucs - 4 \
. / Uoo  Uos
LW Ups i =W e U=V Pl Aug,)
ip=—C,| Ugs Vs ——22 U/ b= HCo,\Ugs —Vr Ups
L X 2 4 2L
ET PD Electronic Devices - MOSFET 31
i kG
MOS TRANSISTOR
AMPLIFIER
3 N
ID ID
Ubb/RofN_-1/Ro
1L SR\ S AN T/ T T T IN_Q(Ups, Ip)
RN T o T3 el i .
> : ! \ Ubs
! : Uobp
g
' Uds "
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MOS TRANSISTOR

SMALL-SIGNAL MODEL

LA . A
Ip ip

AGH

9ds
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MOS TRANSISTOR

SMALL-SIGNAL MODEL

i e "
o——¢ I 7Y * . l
7 g —
S OO kT,
s
2 gmugs ImbUps
SI
A 9,
Lol 27 \Cort-Cogail )
ss Ubs’ C T gs e gd gb
= Cut-off frequency
Cop S
1l
11 $
B
aiy w w :
g, = E Z,UCOXf\/E =,uCoxf(UGS -V,) -transconductance (for saturation area)
GS
: ai Oi, 0V,
ai mecepl _ “Tp $G9Vr
s =auf°=/“n - Output conductance Yo QUgs OV Oug transfer body
i (for saturation area) conductance
EIT PD Electronic Devices - MOSFET 34
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CMOS INVERTER

ke”

A
Uour
/ unomov v
U H
ipp
Uour
1
EUDD
Vi Vi,
0 1 ]
Yoo Yoo Ui
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AGH
CMOS INVERTER
/|
~ nMOS - cut-off, Uour
pMOS — linear ! I f|” w v
V- !
u ipo
nMOS - saturation, Uour
pMOS - linear
u 1
nMOS - saturation, EUDD
pMOS - saturation
&/ Vin Vs,
nMOS - linear,
pMOS — saturation
0 U i
~ nMOS — linear, EUDD 4 U
pMOS - cut-off
EIT PD Electronic Devices - MOSFET 36
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=N CURRENT STABILIZER

I Ip=const Upp
: Uaes=0 e O
1 1
i JI Ues=-2
1
. 1 .
: , Ues=-4 U>DS RL
g - ]
] ]
[} [}
[} ]
] ]
] ]
[} ]
KO 3
| | Ugs=0
] ]
0 0 L
L ]
ET PD Electronic Devices - MOSFET 37

BIPOLAR TRANSISTOR

AGH
WITH ISOLATED GATE (IGBT)
IGBT - Insulated Gate Bipolar Transistor
Q C
C - D
G = ot
S
E
O
IGBT transistor combines the positive characteristics of the MOSFETs
with the advantages of bipolar transistors
ET PD Electronic Devices - IGBT 38
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BIPOLAR TRANSISTOR
WITH ISOLATED GATE (IGBT)
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KC”

IGBT
- high input impedance
- ease of control by input voltage
- very small Ucgsat
- protected in the event of a short circuit

- low switching losses

EiT PD

Electronic Devices - IGBT

BIPOLAR TRANSISTOR
WITH ISOLATED GATE (IGBT)

39
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Applications of IGBT
- current sources of high power
- high power converters
- systems with inductive loads

- inverters

EiT PD

Electronic Devices - IGBT
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VMOS TRANSISTOR
(r S
D
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Tranzystory MOS duzej mocy
b) V-MOSFET
stream of erle(V:tlr'ons -
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AGH COMPARISON
BJT VS MOSFET
TRANSCONDUCTANCE
BJT | MOSFET
oe _ le ol W
Omgor = ==l ==0_~ [27a@H — 8. /|
o B Ug Us ¢ 9m-mos ET Hnox L P \/_D
- it does not depend on technology - It depends on technology
- it does not depend on dimensions - it depends on dimensions

gm—BJT > gm—MOS

EIT PD Electronic Devices - BJT v. MOSFET 43
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COMPARISON

BJT VS MOSFET

INPUT IMPEDANCE

BIT | MOSFET

£ X Fys-mos = ®©
gm IC

Thegar =

- very small

e << Ty

EIT PD Electronic Devices - BJT v. MOSFET 44
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AGH COMPARISON
BJT VS MOSFET
OUTPUT IMPEDANCE
BJT MOSFET
1
fo-gar :—U -~ I—:;UCE loos = l-:UDS

Uar, /A Uce, Ups
ET PD Electronic Devices - BJT v. MOSFET 45
by COMPARISON
BJT VS MOSFET
AMPLIFICATION
BJT | MOSFET
Ku—BJT =Onsirh Ku—MOS = On-mosfo
U, +U
K L AR CE 1
u-BJT UT K z + U BE 2
L Ues —Vn s A(Ues _VTn)
if, for example U,=50V, then 2
K,=2000
ET PD Electronic Devices - BJT v. MOSFET 46

2014-05-13

23



AGH

2014-05-13

ke”

h COMPARISON
BJT VS MOSFET
LIMIT FREQUENCY
BIT | MOSFET
— gm oc gm n
fr e 27[((:” = C/l) le Tijos = c ~ %(Ues _VTn)OC \/E

gs

fT—BJT > fT—MOS

EiT PD

Electronic Devices - BJT v. MOSFET
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