MOS Transistor Theory

e So far, we have viewed a MOS transistor as an
1deal switch (digital operation)

— Reality: less than ideal
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Introduction

e So far, we have treated transistors as ideal
switches

 An ON transistor passes a finite amount of current
— Depends on terminal voltages
— Derive current-voltage (I-V) relationships

e Transistor gate, source, drain all have capacitance
— 1=C (AV/At) -> At = (C/T) AV
— Capacitance and current determine speed

e Also explore what a “degraded level” really means

e -
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MOS Transistor Theory

e Study conducting channel between source and drain
* Modulated by voltage applied to the gate (voltage-
controlled device)
* nMOS transistor: majority carriers are electrons
(greater mobility), p-substrate doped (positively doped)
* pPMOS transistor: majority carriers are holes (less
mobility), n-substrate (negatively doped)
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Terminal Voltages

 Mode of operation dependson V_, V,, V
g d S + +
~ V,=V,-V, Vs Vad

- Vdszvd_vszvgs_vgd S _Vds+

e Source and drain are symmetric diffusion terminals

— By convention, source is terminal at lower voltage
— Hence V20

e nMOS body 1s grounded. First assume source is O too.

e Three regions of operation
— Cutoff

— Linear

— Saturation
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Gate Biasing

Source Gate , 510, Drain

n+ | Channel | p+ . Vgs=0: no current flows from
_I_l I_ source to drain (insulated by

N\ N\ two reverse biased pn

| E | junctions
p-substrate * V,>0: electric field created

across substrate
l V¢ (Gnd)
 Electrons accumulate under gate: region changes from p-type

to n-type
e Conduction path between source and drain
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nMOS Device Behavior mversion

p-substrate Polysilicon gate Oxide insulator Region
\ /N \ (n-type)
i ¥ %

D DD DD D Depletion region 666666

© ©D DD D © OD DD D Depletion region

G D DD D & D DD D & DD DD D

G D DD D & D DD D & DD DD D

VgS <<V, VgS =V, VgS >V,

Accumulation Depletion mode Inversion mode
mode

* Enhancement-mode transistor: Conducts when gate bias
V>V,
e Depletion-mode transistor: Conducts when gate bias 1s zero
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e No channel
* I®::O

nMOS Cutoff

RSN d
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n+ &)
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EE 261

James Morizio




nMOS Linear

e (Channel forms

e Current flows fromd to s

— e fromstod

: : e
. CEElE
I, increases with V g, S TBED60000055655
_ . . p-type body
e Similar to linear resistor )
\4
Vgs>Vt N g n VgS>ng>Vt
72 AN Tal's
oo ——— SO0
oLt poooodl Mt o o_y v v
POPPDOODDOODDODO@ o= Vet
p-type body
b
\4
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nMOS Saturation

e Channel pinches off

I, independent of V
 We say current saturates

o Similar to current source

@ S
CICICISISICICICICISISICICISIC
p-type body

b
\%
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I-V Characteristics

* In linear region, I;, depends on
— How much charge 1s in the channel?
— How fast is the charge moving?
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Channel Charge

 MOS structure looks like parallel plate capacitor
while operating 1n inversion

— Gate — oxide — channel

° Qchannel =

* L ] SiO, gate oxide
n+ n+ (good insulator, g , = 3.9) p-type body

p-type body
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Channel Charge

 MOS structure looks like parallel plate capacitor
while operating 1n inversion

— Gate — oxide — channel

* Qchannel =CV

w
‘tc))(+ i ———— i
* L ] SiO, gate oxide
n+ n+ (good insulator, g , = 3.9) p-type body

p-type body
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Channel Charge

 MOS structure looks like parallel plate capacitor
while operating 1n inversion

— Gate — oxide — channel

* Qchannel =CV
¢ C=C,=¢g, WL/, = C, WL Cox = Eox/ tox

w
£ VAN )
ol i — n+ + n+
A L W SiO, gate oxide T~V
n n (good insulator, €, = 3.9) p-type body
p-type body
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Channel Charge

 MOS structure looks like parallel plate capacitor while
operating in inversion
— Gate — oxide — channel

* Quuunne =CV

channel —
+ C=C, =g, WL/, =C, WL

C.=¢./t
* V=V, -V, =(V,~Vy/2) -V, ox = ox © ox

A L ] SiO, gate oxide
n+ n+ (good insulator, g , = 3.9) p-type body

p-type body
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Carrier velocity

e Charge 1s carried by e-

e Carrier velocity v proportional to lateral E-field
between source and drain

o v:
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Carrier velocity

e Charge 1s carried by e-

e Carrier velocity v proportional to lateral E-field
between source and drain

e v=uE 1 called mobility
e E =
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Carrier velocity

e Charge 1s carried by e-

e Carrier velocity v proportional to lateral E-field
between source and drain

e v=UE I called mobility

* E — VdS/L

e Time for carrier to cross channel:
— =
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Carrier velocity

e Charge 1s carried by e-

e Carrier velocity v proportional to lateral E-field
between source and drain

e v=UE I called mobility

s E=V,/L

 Time for carrier to cross channel:
—t=L/v
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nMOS Linear I-V

e Now we know

— How much charge Q_....; 1S 1n the channel

— How much time ¢ each carrier takes to cross
ds

I
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nMOS Linear I-V

* Now we know
— How much charge Q_....; 1S 1n the channel

— How much time ¢ each carrier takes to cross

I — Qchannel

ds

!
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nMOS Linear I-V

e Now we know

— How much charge Q 1 18 1n the channel

channe

— How much time ¢ each carrier takes to cross

I — Qchannel
4

ds
%4 V/
= uC_ Z(V -V 2)Vds

4 —uc ¥
:lg(vgs_‘/t_ %)Vds IB_ﬂCox I
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nMOS Saturation I-V

* It V4 <V, channel pinches off near drain
— When V>V, = VgS -V,
 Now drain voltage no longer increases current

[, =

S
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nMOS Saturation I-V

* It V4 <V, channel pinches off near drain
— When V>V, = VgS -V,
 Now drain voltage no longer increases current

Ids — IB(VgS _‘/t o Vds%jvdsat
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nMOS Saturation I-V

» It V4 <V, channel pinches off near drain
— When V>V, = VgS -V,
* Now drain voltage no longer increases current

Ids — IB (Vgs _‘/t _Vds%jvdsat
2

=£(V -V,
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nMOS I-V Summary

e Shockley 1% order transistor models

-

0 Vi, <V, cutoft

[, =<p (Vgs -V —V% )Vds V. <V, . linear

I Saturation

g(vgs V) V. >V
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Current-Voltage Relations

Linear Region: Vpg <Vgg - V1

W VDSZJ
Ip=4%, L((VGS_ rWpsT
with
_ K ! on Process Transconductance

Ky = WpCoyx = £ Parameter
0x

Saturation Mode: Vpg = Vg - V1
Channel Length Modulation

- Ve

_ VT)2(1 + AV )
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Current-Voltage Relations

/ .
k : transconductance of transistor

‘W : width-to-length ratio
L

e As W increases, more carriers available to conduct current

* As L increases, V ; diminishes in effect (more voltage
drop). Takes longer to push carriers across the transistor,
reducing current flow
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Example

e For a 0.6 um process

— From AMI Semiconductor
~ t, =100 A

25— \ — s
— Ww=350 cm?/V*s ol g
~-V,=07V

- 15 v, =4
* PlotI, vs. Vg, £ i
~ V. =0,1,2,3,4,5 v, =3
— Use W/L = 4/2 A 051 v, -2
0 V=1
o 1 2 3 4 5
W 3.908.85-10™ (W W ) Ve
ﬂ_ﬂcoxf_(3so)£ TTRTE ](Lj_lzof;m/v
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pMOS I-V

e All dopings and voltages are inverted for pMOS

* Mobility p 1s determined by holes
— Typically 2-3x lower than that of electrons W
— 120 cm?/V*s in AMI 0.6 um process
e Thus pMOS must be wider to provide same
current

— In this class, assume p, / p, =2 to 3
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Capacitance

* Any two conductors separated by an insulator
have capacitance

e (ate to channel capacitor 1s very important

— Creates channel charge necessary for operation

e Source and drain have capacitance to body
— Across reverse-biased diodes

— Called diffusion capacitance because it 1s associated
with source/drain diffusion

EE 261 James Morizio 31



Gate Capacitance
e Approximate channel as connected to source
* Cp=¢, WL, =C, WL=C W
e C

permicron

1s typically about 2 fF/um

permicron

L B SiO, gate oxide
N+ N+ (good insulator, €_, = 3.9¢,)

p-type body
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The Gate Capacitance

Polysilicon gate

(a) Top wiew.

b Gate-hulk
overlap

Gate oxzide

(b) Cross-section
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Diffusion Capacitance

* Gy Cap
* Undesirable, called parasitic capacitance
e (Capacitance depends on area and perimeter

— Use small diffusion nodes | \

— Comparable to C, |

for contacted diff ST “g“\ -
— 12 C, for uncontacted =~ = §\§\ ;
& A s
| .

— Varies with process ~ w.. -

N
g
(@

9
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Diffusion Capacitance

Channel-stop implant
N+

Channel

Ls Substrate IV,

Cdi'ﬁ' = Cbrjiirjm +CSW = Cj x AREA -I-Cj.gw * PERIMETER

= CL T+ T 2L+ )
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Parasitic Resistances

Polysilicon gate
Drain
contact

Rq Rp \\
Drain
Rs = (Ls/WIR+ Re R: contact resistance
Rp = (Lp/W)Rg+ R¢ R, : sheet resistance per square

of drain-source diffusion
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Body Effect

e Many MOS devices on a common substrate

— Substrate voltage of all devices are normally equal

e But several devices may be connected in series

— Increase in source-to-substrate voltage as we proceed vertically

along the chain

d2

i

s2
dl

=
1]

sl

» Net effect: slight increase
in threshold voltage V,,
V>Vy
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Pass Transistors

 We have assumed source 1s grounded V
e What if source > 0? VDDl

— e.g. pass transistor passing Vpp
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Pass Transistors

 We have assumed source 1s grounded VDD
e What if source > 0?
| . VDDl
— €.g. pass transistor passing VDD I

— It V,> V-V, Vgs <V,
— Hence transistor would turn itself off

 nMOS pass transistors pull no higher than V-V,

— Called a degraded “1”
— Approach degraded value slowly (low 1)

pMOS pass transistors pull no lower than V.,
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Pass Transistor Ckts
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Pass Transistor Ckts
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Effective Resistance

e Shockley models have limited value
— Not accurate enough for modern transistors
— Too complicated for much hand analysis

e Simplification: treat transistor as resistor
— Replace [(V,, V) With effective resistance R
e[, =V, /R
— R averaged across switching of digital gate
e Too 1naccurate to predict current at any given time
— But good enough to predict RC delay
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RC Delay Model

e Use equivalent circuits for MOS transistors
— Ideal switch + capacitance and ON resistance
— Umit nMOS has resistance R, capacitance C
— Umt pMOS has resistance 2R, capacitance C

e (Capacitance proportional to width

e Resistance inversely proportional to width

d S I

C kC
d R/k% g T 2R/k
SRR B
kC
s ¥
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RC Values

e (Capacitance
- C=C,=(;=Cy=2{F/um of gate width
— Values similar across many processes

e Resistance

— R =6 KQ in 0.6um process
— Improves with shorter channel lengths

e Unit transistors
— May refer to minimum contacted device (4/2 A)

— Or maybe 1 wm wide device
— Doesn’t matter as long as you are consistent
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Activity

1) If the width of a transistor increases, the current will

increase decrease not change
2) If the length of a transistor increases, the current will
increase decrease not change

3) If the supply voltage of a chip increases, the maximum transistor
current will

increase decrease not change

4) If the width of a transistor increases, its gate capacitance will
increase decrease not change

5) If the length of a transistor increases, its gate capacitance will
increase decrease not change

6) If the supply voltage of a chip increases, the gate capacitance of each
transistor will

increase decrease not change
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Activity

1) If the width of a transistor increases, the current will

increase decrease not change
2) If the length of a transistor increases, the current will
increase decrease not change

3) If the supply voltage of a chip increases, the maximum transistor
current will

increase decrease not change

4) If the width of a transistor increases, its gate capacitance will
increase decrease not change

5) If the length of a transistor increases, its gate capacitance will
increase decrease not change

6) If the supply voltage of a chip increases, the gate capacitance of each
transistor will

increase decrease not change

EE 261 James Morizio 46



EE 261

e DC Response: V
* EX: Inverter

DC Response

out VS- Vi, for a gate

When V. =0 -> Vou = Vb

WhenV, =V, -> Vo =0 Vo

In between, V ,, depends on o Tf |
transistor size and current Vin — ]ﬂ Vout
By KCL, must settle such that | dsn

v
Tper = Ty J

We could solve equations

But graphical solution gives more insight
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Transistor Operation

e Current depends on region of transistor behavior

 For what V. and V_, are nMOS and pMOS in
— Cutoft?
— Linear?
— Saturation?
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nMOS Operation

Cutoff Linear Saturated
Vgsn < Vgsn > Vgsn >
Vdsn < V dsn >

EE 261
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nMOS Operation

Cutofft

Linear

Saturated

Vgsn < th

Vgsn > th

Vdsn < Vgsn -V

tn
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nMOS Operation

Cutofft

Linear

Saturated

Vgsn <V

tn

Vgsn > th

Vdsn < Vgsn -V

tn
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nMOS Operation

Cutoff Linear Saturated
Vgsn < th Vgsn > th Vgsn > th
Vdsn < Vgsn o th Vdsn > Vgsn o th

VDD
A
Vin 4ﬁ u Vout
%
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pMOS Operation

Cutoff Linear Saturated
Vgsp > Vgsp < Vgsp <
Vdsp > Vdsp <

EE 261
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pMOS Operation

Cutofft Linear Saturated
Vgsp > th Vgsp < th V...<V

EE 261 James Morizio 54



pMOS Operation

Cutofft Linear Saturated
Vgsp > th Vgsp < th V...<V
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pMOS Operation

Cutofft Linear Saturated
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I-V Characteristics
* Make pMOS wider than nMOS such that B, = 3,
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DC Transfer Curve

* Transcribe points onto V. vs. V_ . plot

out
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Operating Regions

e Revisit transistor operating regions

EE 261 James Morizio 59



Operating Regions

e Revisit transistor operating regions

Region nMOS pMOS Voo
A Cutoff Linear
B Saturation | Linear Vou T C
C Saturation | Saturation | |
D Linear Saturation D .
E Linear Cutoff o0, Vo2 VooV, v
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Beta Ratio

« IfB, /B, # 1, switching point will move from Vp,,/2
o C(Called skewed gate

e Other gates: collapse into equivalent inverter

DD T
A \?\\ \\\ \\
N\ \ ﬂ
\ \\‘ ‘ Zr —10
|
WAl
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oise Margins

 How much noise can a gate input see before it
does not recognize the input?

utput Characteristics Input Characteristics

e
A5 A AR SRR S A S

g g . .
i
0000000000 0
a5 A A AR R S AR SRR
0000000000 0
a5 A A AR R S AR SRR
00000000 00 s

Input Range

Logical Low
Input Range

Logical Low
Output Range

RS SRR RS
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Logic Levels

 To maximize noise margins, select logic levels at
\

out
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Logic Levels

 To maximize noise margins, select logic levels at

— unity gain point of DC transfer characteristic

\Y

out

Unity Gain Points

Voo \ Slope = -1
Vv
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