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Chapter 12: Field
Effect Transistors



The MOS Transistor

Saur:r.-‘_:-; Dirain
P-Type Regions

JFET - Junction Field Effect Transistor
MOSFET - Metal Oxide Semiconductor Field Effect Transistor
n-channel MOSFET (nMOS) & p-channel MOSFET (pMOS)



The MOS Transistor

Gate Oxide

Gate

Field-Oxide
(SiOy)

Source Drain

n+ n+

p-substrate p+ stopper

Bulk Contact

CROSS-SECTION of NMOS Transistor



Switch Model of NMOS Transistor

_1
Source — L—  Drain
(of carriers) (of
/ Wiers)
Open (off) (Gate = ‘0") Closed (on) (Gate ='1)

ROH

| Ves| <1Vt | Vas| > | V1|



Switch Model of PMOS Transistor

| V/Gs,l/'

Source — L Drain

(of carriers) (if(‘:arriers)
Open (off) (Gate = ‘1) Closed (on) (Gate =0)
R

Y

| Ves|> | Voo — | V1| | | Vas| < | Vpp = |Vql |



MQOS transistors Symbols

qf{s ﬂi\

NMOS Enhancement NMOS Depletion

Channel

o ﬁ ] E :
S S
PMOS Enhancement NMOS with

Bulk Contact



aoQ

JFET and MOSFET Transistorsor

S G D
o o

oD
- Oxide Drain
/,— Metal gate ( (
— v > ] ¥
I;_ © B Source / '/ - / //// ﬂ
- w
//// //// ®
~
.
N L_)| LJ
symb0| ! L p Substrate (or body)
L = 0.5-10 um 5
W = 05-500 pum Figure 12.1 n-channel enhancement MOSFET showing channel length L

and channel width W.

Si0, Thickness = 0.02-0.1 um

Device characteristics depend on L,W, Thickness, doping levels



MOSFET Transistor Fabrication Steps

FREFARED
SILKCON WAFER

PHOTORESIST

STELTT LY Ty LY

(igeatn s 25

SILKCON
DICXIDE LAYER

LTS

SILICO

SIMILAR CYCLE IS REFEATED
T LAY DOWM METAL LINKS
BETWEEN TRAMSIETORS

PATTERNS ARE PROJECTED

NEW PHOTOAESIST IS SPUN REFEATEDLY ONTO WATR

QM OWAFER, AND STEFS 2 TO 4
ARE REFPEATED

IONS SHOWER THE
w, ETCHED &REAS, DORIMG THEM

AREAS UMPRCTECTED
BY FHOTORAESIST ARE
ETCHELD BY GASES




Building A MOSFET Transistor Using Silicon

The positively doped silicon wafer is An ultraviolet light-sensitive thin layer The first mask is placed over the wafer
first coated with an insulating layer of of photoresist (blue) is applied to the a:d ultravio et I|ghft 2 ptrojec_tetd onto
silicon dioxide (yellow) through silicon dioxide surface and evenly : ethmal§kl.1tArea: °dph° :resc:sthexposed
chemical vapor deposition. spread across the wafer. il e

shielded remain soft.

The unexposed (and soft) photoresist is

removed by washing with a solvent, The upper layer of the silicon dioxide is The hardened photoresist is removed

leaving the hardened resist and removed by etching with hot gasses, with a chemical solvent leaving an

underlying silicon dioxide layer intact. leaving only a very thin layer for uneven silicon dioxide surface over the
insulation.

entire wafer.

http://micro.magnet.fsu.edu/electromag/java/transistor/index.html



isti i The second mask is placed over the
A layer of polysilicon is then deposited A second layer of photoresist is applied P

ili wafer and ultraviolet light is again

onto the silicon dioxide surface using overihe:polysilizon:to;praparethe Biblectadiotite the g e
hemical vavor-dsnostion: This wafer's surface for a second photomask. v .

¢ P P . exposed to the light are hardened.

material will serve as the transistor's

gate.

The unexposed photoresist is washed The next step is ion-beam milling Tha phiotoresistis remoy s with solvent

away with a solvent, leaving only the (etching) to remove the excess laavinga rldge of palysiliconiins

L-shaped hardened resist on the wafer. polysilicon and another thin layer of ATansistorygatey whichiisesiaboyethe
silicon dioxide exposing the silicon silicon wells.

wafer's surface.



Chemical doping implants phosphorous a second layer of silicon dioxide is

{green) deep within the silicon wells applied to provide insulation of the
surrounded by the silicon dioxide and basic transistor structure from metal
polysilicon layers to produce positively contacts to be applied later.

doped silicon.

The third mask is illuminated with Removal of the soft photoresist with
ultraviolet light, hardening the solvent exposes three areas of exposed
photoresist everywhere with the silicon dioxide that mark the planned
exception of small black rectangles that shafts.

will become shafts.

A third film of photoresist is added to
prepare the formation of vertical shafts
(vias) that will contain metal contacts for
the polysilicon and the wells.

The wafer is next etched again to
remove silicon dioxide and exposing
the positively doped silicon and the
polysilicon gate.



The remaining photoresist is then
washed away with solvent. The
positively doped silicon areas (green)

will serve as the source and the drain.

Ultraviolet light shining through the
metallization mask hardens the
photoresist covering the aluminum,
which will carry current to and from the
transistor.

The wafer is then sputter-coated with
aluminum that fills the shafts and evenly
coats the wafer's surface to provide
electrical contacts.

The unexposed photomask is removed
with solvent, exposing many bare
regions of aluminum that will be
removed next.

A fourth layer of photoresist is applied
to the wafer to prepare the transistor for
its final mask, which will produce the
pattern for the aluminum "wiring".

A final etching step removes exposed
aluminum leaving only the metal
hecessary to make contacts in the
shafts and connectors on the surface.



It is done. Now, how does it
work?

The last resist is washed away with
solvent and the transistor is finished,
along with millions of its neighbors on
the wafer.

Gate Potential Gate Potential

Gate Potential

053V 196 V¥ 250V



n-channel MOSFET Basic Operation
Operation in the Cutoff region

Ip

pn junction: =—
reverse bias ip
D -
T
> n
D
In=0 ¢ — ___U-I:S G | —
ID— P lB _ = 4||<— : Ups
£ <V + s -
Or Ves® Vi vos =
KB -
+ 1 S PA
UGs —
- Schematic

Figure 12.3 For vgg < V,,, the pn junction between drain and body
is reverse biased and ip = 0.

When v;<=0 then iy=0 until vgs?V,y (Vo -threshold voltage)



n-channel MOSFET Basic Operation
Operation in the Triode Region

For vps<vgs-Vig and vgs?Vio the NMOS is operating in the triode region

|7 : N
° » e = \
T

Ung
) \
+ 5
tog =

Resistor like characteristic
(R between S & D,
Used as voltage controlled R)

For small vy, iy is proportional
to the excess voltage vi<-Vig



n-channel MOSFET Basic Operation
Operation in the Triode Region

=
° ‘ N %’zﬁ
= . :
os = lp = K[Z(VGS — Vi )VDS _VDS]
W\ KP
I KZH?

Device parameter KP for
NMOSFET is 50 nA/V?



n-channel MOSFET Basic Operation

Operation in the Saturation Region (v is increased)

Tapering
of the
channel
- increments
of iyare &
smaller
when
Vbs IS v =
larger |

-=— Trinde Saturation —a
UpgStigs— Vil tpg2tige—V,

Yo

When v;y=V,o then the channel
thickness is O and

iD — K(VGS _Vt0)2




n-channel MOSFET Basic Operation

e 12

An nMOS has W=160 um, L=2 um, KP= 50 pA/V? and V,,=2 V.

Plot the drain current characteristic vs drain to source voltage

for vee=3 V.
> Ip = K[Z(VGS ~Vio Vs _V[2>s]

] W
Ip = K(Ves —Vio )2 K :(



n-channel MOSFET Basic Operation

ip (MA)

Channel length

modulation ~~—~—_
iy depends on vpg in 10

saturation region
(approx: iy =const in
saturation region)

Characteristic

20 —
=<~ Triode region *II <— Saturation region —> Veg=5
B>
15 —
: 2
Vs = 4

5

Cutoft _3

/ UGs =
/ Vs < Vip =2
0 I I I vps (V)
0 2 4 6 8 10

Figure 12.6 Characteristic curves for an NMOS transistor.



p-channel MOSFET Basic Operation

It is constructed by interchanging the nand p regions of n-
channel MOSFET.

oS
Symbol
— . L
Go—||—>—oB p(mA) Characteristic
— 12 -
liD vgs=—4V
DO

Figure 12.8 Circuit symbol for PMOS transistor.

-3V
AL
How does p-channel oy
MOSFET operate? . | | | T
-voltage polarities 0 2 4 6 -8 ~10

_iD current Figure 12.9 Answer for Exercise 12.3.
-schematic




