Metal-Oxide-Silicon (MOS) devices

*Principle of MOS Field Effect Transistor transistor operation
Metal (poly) gate on oxide between source and drain
Source and drain implants of opposite type to substrate.

Gate is biased to invert channel below oxide

apply voltage bias to gate, which...
gives field across oxide
modulates current in conducting channel

transistor can be used as
switch (digital) or amplifier (analogue )
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MOS Field Effect Transistor

eOperation - input signal is voltage on gate B D
very high input impedance > 1012W l l

G G
body 4|:“— body
1-V behaviour nMOS pPMOS nMOS
S S

Vs> V; to switch on, vary Vg

linear region source

Ips ~ (VG - VT)VDS

] ) n type
saturation region

channel “pinch off” near drain D type substrate

depleted
~ - 2 :
los ~ (Ve - V) inverted channel "®9'0N
Mos/WVes = igs/Vys = 9y = (2UC,, I psW/L)Y2  transconductance

defined by geometry & current only - important for 1C design
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Designing with MOSFETSs

*Mostly operate in saturation - choice of gate-source voltage determines current

DRAIN CURRENT : Ip (A)

but often bias with current source, so gate voltage "selected by" current
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Simple MOSFET applications

\oltage controlled switch _ /
: : i Input
very high resistance in OFF state P [ T Singune
Ron — 5 - 100W +V A C
Tt TESTEE ~T9e Vcontrol-/|- Sample and Hold
bi-directional o]
iNg —o./c
ing  ——| output
Multiplexer 2 =l -

N3 —l—d/o—

*Voltage controlled resistor

0123 Address

operate in linear region | Al0:3]=—H docod
ecoder
Rps =~ 1/(Vg - Vq) -l-r :
convenient for IC design . 1
In
Vout
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ElectroStatic Discharge

*MOS circuits are prone to damage from ESD
gate oxides are thin layers - few nm in advanced technologies

oxide breakdown field < 1000MV/m = 1V/nm

 Human body can easily charge to 30-40kV walking across carpet on a dry day
precautions:

circuits designed with protection diodes ®Equivalent circuit

% Drain

stand on conductive pad and earth body with wrist strap

Gake ‘

« Ciata I El

Protaciion
Diogia

JEg

) Source

«4 proteciion dicde is included bebeesn the gate
and the sourca ierminals to protect the dode
againsl slatic electricily when Hhe product is in use
Usa a protection circuit when the fized vollages
arg erceaded,
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CMOS = Complementary MOS

*Both pMOS and nMOS transistors on same wafer
by putting p-type "wells" into n-type wafer (or vice-versa)

build nMOS transistors in locally p-type region

*\Why?

NMQOS inverter CMOS inverter

Vbbp —— VDD
VbD ‘ &R E |

— VbD
0 - — —
O i

NMOS consumes power in low state CMOS version consumes

power only when switching

basis of almost all modern logic
In IC technologies, accurate resistors are harder to make than C and transistors
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Junction FET

 Almost identical to MOSFET - difference is
Gate is implanted p-n junction

voltage on gate depletes bulk silicon G
current conducting channel reduced or enlarged

i
AVgs > Alpg S .% st

sCharacteristics - similar to MOSFET (s s e
gate is reverse biased diode
high input impedance (3 10°W)
small current from diode leakage p type gate

usually operated in saturation

channel "pinched off" by depletion. drain source

Ips DN n*

g, ~ 10mA/V = 1/100W = 10mS n type depleted region

“typical” values
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FET circuits

«Building blocks resemble bipolar circuits
eSource follower (cf emitter follower)
ids = gm(vg - Vs) = gm(Vin - Vs)

Vout = Vs = IdsRS = gm(vin - Vs) RS

Vout/Vin - ngS/(l * ngS) £1 Vin Iy = VgsUm
— Vout
R, ~ 10° - 102w/ Rs
Rout = RslIRps = Rg/(1 + gRs)
not low h 6
Rp P S
By In I:
eCommon Source amplifier - Vin out = Vin Om

Vout/Vin = 'ngD /(1 + ngS) -

Rs
R, high but more common configuration uses
Rout » RplIRps = Rp/(1 + 9,,Rp) current source with suitable load i, = g,,V;,
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FET limitations

*On Resistance
although small, it contributes to RC time in fast switches

eCapacitance
Inevitable capacitances between nodes, important for high speed circuits

Coate ~ CoxWL for MOSFETS

gate
eRelevance to op-amps
FET amplifiers have much higher input impedance

and draw much lower currents
eCautions
eLatch-up
under certain conditions, parasitic bipolar transistors formed
MOS circuits can go into high current states - destructive
*ESD
care needed in handling
protection networks can degrade performance
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Another building block - the current mirror  (if time)

*Q, & Q, are identical transistors | lio
uT
Ve = Veeo and Ve » (KT/0)log I - R
load
- S0 Iout-: Iref - Q’I I/QZ
widely used in 1Cs where closely matched transistors v Y
are easy to construct - useful to program currents BE! o2
eadd a resistor
1., =(KT/gR)log (1 o¢/1,,0)
eg R=1kW, I +=1mA =>1_, = 67pA
|ref 'I |FEf '|DUT
ouT add another resistor
Veer » Vees 01 Q2
Q1 Q2 1,/1,=R,/R,
R
R also works for discrete Ry 2

circuits
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Band-gap circuit

*To be more precise, l+
Vge ~ log(current density) so in non-matched transistors + I I #
with same current, and ratio of emitter areas r i
Vgei~Veesr = (KT/0)In(r)

easy to achieve in 1C technology
*Principle of AD590 T sensor
Proportional To Absolute Temperature (PTAT)

1,=1, I

DV, = (KT/Q)In(r) = I,R -ec} - ul

1=1,+1,=(2KT/qR)In(r) u -
r=8 R»1kW N

0.8°C MAX

I » IHA/K @ 300K £8323R"TE o | Vw N
R should vary little with T e e -
eactual AD590 only slightly rr?gﬁe complicated ADS390 precision
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Transistor differential amplifier (for the ambitious)

DC R, is large, to act as current source

V= Vg + IR,

Vg, =Vat+ LR Vo, =V, + IL,R:. (ignoring r,)
*AC

vV, =V, t 1Rg = IR, + IR

V, =Va + IR = IR + LR

=10 +1,
vV, -V, = (i,- I,)R :
e (- T)Re Variants
U =~ Wig - R, in Q1 loop omitted
*For differential inputs v, =-v,so i=0 - replace R by current source
Gyier = Vo/ (V5 - V) = R/2Re - omit Rgs

«Common mode v, = v, = v,__/2 - differential outputs

ViV, = 2IR + (It 15)Re = 1(2R, +Re )
Gem = Vof Ve = -R/ (2R, +RE)
CMRR » 2R,/R. R, > R¢
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What's inside an op-amp...

eLook for the building blocks...

I‘J T\A| I
(0}:] 09 Q12
Q14
3 \‘
2 INVERTING
NON=INVERTING e
af Q2 R3
INPUT INPUT 3 w5
== (1
Qs I‘/‘ F ! 30 pF é RO
A R, 04 S 25
e ——
6
.—l Q7 L QUTPUT
R10
50
a6 oo
Q11 Q22 Q20
OFFSET NULL 3 _OFFSET
NULL
R2 R4
1K 5K
4 v

MOS IC amplifiers look similar but currents determined by transistor aspect ratios
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