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The Big Picture

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
— | = C(AV/At) 2 At = (C/1)AV
— Capacitance and current determine speed



MOS Transistor Symbol

[ = AL

L = L
(a) (b) (c)
NiWAN \OsS transistor

symbols




Metal-to-metal Capacitor
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> Figure Ex3.1B Close-up of metal-metal capacitor with applied voltage, showing
surface charges on top and bottom metal plates and electric field lines.
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MQOS Structure

e Gate and body for

MOS capacitor

e Operating modes
— Accumulation
— Depletion
— Inversion
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Silicon Dioxide Insulator

p-type Body

Depletion Region

Inversion Region
Depletion Region

WEEP®A MOs structure demonstrating (a) accumulation, (b) depletion, and
(c) inversion



MOS Structure (a more in depth look)
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MOS capacitor in accumulation

* VGB < VFB charge

-1 ox

p(x)
- Q¢ (accumulated holes)

density [0 i
Qc

M O S (p-type)

accumulation

/N

electrons holes

Vs =0




MOS capacitor in flatband

* Ve = Vi

M O S (p-type)

VGBr“VFB Saily ' BUER flatband




MOS capacitor in depletion

/

* Vs> Vig

VFB<VGB<0

Vep=0

0<VGB<VT

Note:

thermal equilibrium
falls in this range of

applied bias

A P
Q¢
charge T X,
density 10
. -qN,
S (p-type)

depletion

equilibrium

depletion
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MQOS capacitor in inversion

A
Qg
charge T X,;,max
* VGB > VT density ‘fo.\' 0 s N
qiNg
VQN
VGB:VT threshold
VGB>VT INversion

e Xddoes not increase much beyond threshold

charge Qy

All extra voltage beyond V. used to increase inversion
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MQOS Capacitor in inversion

* Existence of Q, and control over Qy by V; is
the key to MOS electronics

Qpl A




C

- Y| MOS Capacitance

dv
GB lvGB
/
accumulation $C/C inversion
Vig=—097V 02 Vpp=06V
-2 - B l
L 1 [ | S I 1 Y o1 [ L1 -
0 1 2
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Physical interpretation of MOS capacitance

m Accumulation: parallel plate capacitor > C =C,,

m Depletion: increment 1 gate charge 1s mirrored at bottom of depletion region, so
capacitance model 1s C, 1n senies with the depletion region capacitance Cp

te

gate .

——

—— Yox T %

Si/Si0, surface E"-‘

_ C, = - Note that X ;1s

bulk X, a function of V5
ke Co_.r| |Cb

m Inversion: bulk charge 1s no longer changing with Vg --> an mcrement
gate charge 1s murrored 1n the inversion layer under the gate.

The capacitance 1s therefore the same as 1n accumulation --> C = C, 14



Width of the depletion region

1 1 V
+ )=Xd0\/l—ﬂ
Na Nd ¢B

e VFB<VGB < VT

X, (Vyy) = \/ %5 (¢Bq_ £

equilibrium



NnMOS Transistor Terminal Voltages

Y
Mode of operation depends on V,, V, V, g .
+ ‘
— VgS = Vg - VS \_/gs Vg_d
_Vdszvd_vszvgs_vgd S -Vds+

Source and drain are symmetric diffusion terminals
— By convention, source is terminal at lower voltage
— HenceV, =0
nMOQOS body is grounded. First assume source is O too.
Three regions of operation
— Cutoff
— Linear
— Saturation



NnMOS In cutoff operation mode (1/2)

e No channel Simplifying assumption VB=VS
* Ids =0

V,.=0 .
@ SRR

@@E”de®®®®@&W’u@
Lt D000
@9003@@@@@@9993@
p-type body
b

(a) \v/



nMOS in cut-off mode (2/2)

Q,= inversion charge =0

V| drops across the depletion region

|5s=0

gate

q7

source [

Depletion Region
substrate

—i— VGS < VT
_ —= VDS =0
drain
g Physically Sand D

are identical.
By convention, we
call D the diffusion

No inversion Layer _ _
at higher potential

v
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nMOS in linear operation mode (1/3)

e Channel forms
e Current flowsfromDtoS

—e fromStoD

POODODODPDHDDDD®®

1 1 p-type body
* |y increases with Vy, X
e Similar to linear v
resistor Yo ; Vi %V ¥
|d
v \/ds< Va"‘/{" ASASAS %
0<vds<vgs—vt
Vis-V, gs <._V{, ®®®®®®p@t>y(;)e@g§3y@@®@@® \ 3
Vd VS \/5+\/5<—Vt (c) ‘;b \/Y\]@
Vd3,<—\/t &~ - 70(4—-'/& «> Va,{?‘lc @

® Vis>0 & Ys-Vgd >0 «> Ugs > Yol
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nMOS in linear (=triode) mode (2/3)

V ~~ ” V -+ O F g  —~ N - VT

* Vs = Qul = sl
° VDST:> EIateralT = IDST

- VGS >VT
gate £
] _ == 0<VDS<VGS-VT
source Nam $
Depletion Region Inversion Layer

substrate

\%
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nMOS in linear (=triode) mode (3/3)

» V.. | (more electrons in the inversion layer)

* Voo | (higher lateral electric field <
electrons in the channel move faster)




nMOS in Saturation operation mode (1/6)

e Channel pinches off

* |, independent of V
 We say current saturates
e Similar to current source

9 V., <V,
OO
Vds > Vgs_vt
p-type body
(d) Vb Vds-—l/gs >"‘/t-
W > Ygs - Yas

Ve > Wd— <y,
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nMOS in saturation mode (2/6)

1 (Vep <V & Vg > VsV

—i— VGS >VT

J—

source

—i— VDS>VGS-VT=0

drain

Depletion Regiéon : Inversion Layer
i substrate :  pinched-offatdrain  The inversion layer

6 : thin down from Sto D

- Yy




nMOS in saturation mode (3/6)

When Ve > Ve-V; (Vgp < V;) w2 Qyly=L)=0
Initial thought: lack of a channel at the drain means
that Iy must drop to zero. WRONG ... !!

Drain terminal loses control over channel m=) Drain
current saturates and remain approximately constant
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nMOS in saturation mode (4/6)

: : : -y Gate-Channel
Potential _'yy <y =V.-V, otential difference
Difference  © . il P Vv
ac(y)
V(y) b
_/ _
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nMOS in saturation mode (5/6)

e Current flux is the same across any section y along the
channel. Thus as y increases down the channel

Viy)| = QN(y)l —>E(y)| (fewer carriers moving faster)

 General expression of channel current
(current= charge/time) :

Q)
I ()=1,)=0,)W: v (y) 0\ >y

L

~._, charge i (product Q*E=const.)

Vy (y) — M . Ey (y) per area \V \cjgglc?’s (p E(y) )
_\> carriers mobility

v=u-E

4
0 L y




nMOS in saturation mode (6/6)

Increase in E, (E,| & Vi) is compensated by
decrease in Q

When Q=0 at drain then

|, saturates

t Q)

BN

0

E(y)

a4

L
(product Q*E=const.)

>y

L

B o0 G+ __ D
@@888@@@@@88
0066000
506660006
p-type

After channel charge goes to 0, there is a high lateral field
that ‘sweeps’ the carriers to the drain*, and drops the extra
voltage (this is a depletion region of the drain junction)

* It is important to remember what a reverse biased PN
junction does to minority carriers.
Electrons (in the p-type material) get swept back into
the n-region



PMOS Transistor

Gate

Drain

I
BN\

SZ n-type Body

e
i

Body (usually V)

 FIG 2.4 | pMOS transistor




-V Characteristics (hnMOS)

* In Linear region, |, depends on
— How much charge is in the channel?
— How fast Is the charge moving?

R //

n+ ? - \ n+ J _/2
p-type Body go = g,ggx 10 F/m

SiO, Gate Oxide
(Good insulator, g = 3.9¢)

m Transistor dimensions



Channel Charge

MOS structure looks like parallel GTte
plate capacitor while operating in :
: . Source :1\\\\\\/9&\} Drain
inversion: =
. gs T 9 gd
— Gate — oxide — channel V. | Tchamnel [- V,
I + n+

Qchannel = C*V ?Wp\;ds&;
C=C, = g WLty = CoWL L

V= Vgc B Vt = (Vgs B Vdslz) - Vt
\~~

Average gate to channel potential:

Vo= (Vo + V)2 =V =V, /2
Cox = €ox / tOX | FIG 2.5 | Average gate to channel
voltage
Vgo= Vos+ Vol Vst sV v
2 \ = 2 30



Carrier velocity

Charge Is carried by e—

Carrier velocity 2 proportional to lateral
E-field between source and drain

v =uk  (ucalled mobility)
E=V,/L

Time for carrier to cross channel:
—t=L/ v



nMOS Linear (a.k.a. triode) I-V

* Now we know
— How much charge Q.. IS iN the channel

— How much time t each carrier takes to cross
Man 9 Textbooks define :

Fechnol.
k'=/“’c°" /deP“:dea"‘?Z J = Qchannel —
paraméelers ds / -
w |24
_ _ _d
. 4 — Aucox I (Vgs I/t S2 )Vds
echnolo n
q9 4

geo metric paramelers

Ly A

= uC =
b Mo~



NMOS Triode |-V characteristic
v,(y)=u-E (y)

I = W -
» =0, ()W v (y) (y)_dV(y)

EIQ@) C.[V.,-V(y)-V,]

[, dy=u-CoxW-V. . -V(y)-V.]-dV

VDS

1 fdy u-Cox W [V, -V -V, ]-dV
- "
' ‘ wi = uC_—
iii i ii i ‘ th fp=uC_ 7




NnMOS Saturation |-V

* ItV <V, channel pinches off near drain
— When Vds > Vdsat = Vgs - Vt
 Now drain voltage no longer increases current

%
Ids = ﬁ (Vgs - I/t - ds%) Vdsaz‘

_Pw _pY
_2(VgS Vf)



nMQOS |-V Summary

o first order (Shockley model) transistor models (ideal
models)

0 VgS <V cutoff

I,=1pB (Vgs V- V% ) V. V,<V,  linear

(and \/95 > Vt)

2 .
b (V -V ) V. >V saturation
as t ds dsat
2 (and Vas > \/t)



-V characteristics of nMOS
Transistor

40071

300+

200 ¢

100

0 03 06 09 1.2 1.5 1.8
Vds

AW 1-V characteristics of ideal
nMOS transistor




Example

e 0.6 um process from AMI Semiconductor

— tox =100 A 2.5/

— u =350 cm?/(V*s) 2/

—V, =07V 2 15
e Plotl, vs. V,, .

_ Vgs =0,1,23,4,5 .O /- o

—Use WIL=4/2 ) RV
o A2 )



pMOS |-V Characteritics

« All dopings and voltages are inverted for
PMOS

* Mobility w, Is determined by holes
— Typically 2-3x lower than that of electrons u,
— 120 cm?/V*s in AMI 0.6 mm process

e Thus pMOS must be wider to provide same
current
— Inthis class, assume w, / w, =2



pMOS |-V Summary

o first order (ideal) transistor models (a.k.a. Shockley

MOC

el)

0

/J’(VgS-Vt_V%)

p :
E(Vgs _Vz‘)

V=V, cutoff
V., V,>V,  linear
(and Vgs< V)
V, <V, saturation

(and Vgs < Vj, )



-V characteristics of pMOS
Transistor

V

ds

-18 -16 -12 -09 -06 -03 O

l Vgs = ;0.6
Vgs =-0.9
Vgs =-1.2 —50
Vgs=-1.5 - —100
Vgs =-1.8 150
-—200

II[E] [-V characteristics of ideal
pMOS transistor
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MOS Transistor’s Capacitances

 Any two conductors separated by an insulator
have capacitance

e Gate to channel capacitor is very important

— Creates channel charge necessary for
operation (intrinsic capacitance)

e Source and drain have capacitance to body
(parasitic capacitance)

— Across reverse-biased diodes

— Called diffusion capacitance because it is
associated with source/drain diffusion



MOS transistor’s Capacitances

gate

Cov | Cgc C(ﬂ_ >\\_|< }_‘

source | drain , 4

1 1 §
Csb—l_ —I_CCb \ _I_Cdb | >\\<

Inversion Layer Depletion Layer Cjsw-db
substrate

Cj-db

Cgc modeled through Cgs and Cgd

Ccb modedel through Cgb Csb=AS x Cj-sb + PS x Cjsw-sb

Cdb=AD x Cj-db + PD x Cjsw-db

Gate

Source Drain
Cab

g
Cop Cab
Body bottom junction cap.

EEPAEY Capacitances of an per area
MOS transistor
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Gate Capacitance « "

+ - » s . .
4 L " L S|02 gate (;X|d=e

p-type body

e When the transistor is off, the channel is not
inverted
Cg=Cgp=C, WL || e, WL/X, <€, WL/t =C WL
* Let’scall C_,WL = Co

e When the transistor is on, the channel extends
from the source to the drain (if the transistor is
unsaturated, or to the pinch off point otherwise)
Cg = Cgp + Cgs + Cgg



Table2.1 Approximation of intrinsic MOS gate capacitance

Gate Capacitance

Parameter Cutoff Linear Saturation
Cgb zCO O O
Cy 0 Cy/2 2/3 G,
o 0 Cy/2 0
Cg = Cgs + od + Cgb zCO C() 2/ 3 CO
Source Gate Drain )
In reality the gate overlaps source and
os veran)| s < | Cosoveren drain. Thus, the gate capacitance should
= \\\\\1{” include not only the intrinsic capacitance
n+ n+ but also parasitic overlap capacitances:
:; Cys(overlap) = Cox W Loy

FIG 2.10] Overlap capacitance

Cgys(overlap) = Cox W Loy
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Detalled Gate Capacitance

Capacitance | Cutoff Linear Saturation
Cyp (total) =C, 0 0
Cy (total)  [CoWL,, | Cyl2+ Co WL, [ CoWL,,

Cy (total) [ Co WL, | Cy2+C WL, | 2/3Cyt+ C WL,

GATE
| . 1 ] GATE
SOURCE OXIDE —te wde _L e —1— DRAIN l L 1 1 J
5 e e PR o e e e
g it AR
(@)
.
(©) CHANNEL
SUBSTRATE (p-Si)
SUBSTRATE (p-Si)
Figure 3.31 Schematic representation of MOSFET oxide
g capacitances during (a) cut-off, (b) linear, and (c) saturation
B | modes.

1 1 1 1
R N TR T R
— T T ——r
P () Source: M-S Kang, Y. Leblebici,
(b) CHANNEL CMOS Digital ICs, 3/e,

2003, McGraw-Hill

SUBSTRATE (p-Si)
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Overlap Capacitance

e |t has two components
— Direct overlap = C_, WL,

— Additional component
due to fringing fields

I‘l
.
.
a N
. ®
>
Q g
o
Od K
*
o*
.

[, e
dejiano 10011Q t

e

— Cov =Cov''W
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Junction Capacitance

Csb' Cdb Drain2 7
Undesired capacitance (parasitic) cx2 R
Due to the reverse biased p-n Source? NN 4
junctions between source Draint SAI ol AN
. A 3\

and body and drain - AR -
and body | SAI/ | [

- Source1 V) /] 7
Capacitance depends on area —— — —
and perimeter (@ (o) ©

—_ Use Sma” d|ﬁu5|on nOdeS mDiff'usionregiongeometn'es

— Comparable to C, for

. ] (a) Isolated contacted diffusion
contacted diffusion

(b) Shared contacted diffusion

1
Z Cg for uncontacted (c) Merged uncontacted diffusion

— Varies with process



Junction Capacitance

Drain2 4
/
Gate2 R\ V.
7 Z V.
Source2 - , 5
Drain1 " 61 4
2/ 3\
Gate1 k\‘\\\\‘
S 1 5\ / 51 #
ource ] 7
w w
(a) (b) (c)

EEPEN Diffusion region geometries

(a) Isolated contacted diffusion Wx5 2xW+10 Wx5 2XW+10
(b) Shared contacted diffusion Wx5 2XW+10 Wx3 W+6
(c) Merged uncontacted diffusion Wx5 2XxW+10 Wx1.5 W+3
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Junction Capacitance

] AS=W -L i
- PS=W +2L,.
AD=W -L .
S D IW it
PD=W +2L i
Laie Ly
. AD-CJ PD-CJISW
C]db = w T MISW
VDB VDB
(1 + ) (1 + )
PB PBSW
: AS-CJ PS-CJSW
C]Sb = w T MISW
VSB VSB
g " pasw

For long channel transistors
the side of the perimeter
abutted to the gate is
shielded by the electrons

in the channel
S R

S
C/.O Vi
C = -V
1+—£
Oy
6€iq NAND 1
C.o=."
\ ‘ 2 NA+NDM




Lumped representation of the MOSFET
capacitances

Gate

Cos /?DCQ"
Source o f\ /&

L

B/ Cgb \( o Drain
Csb Cdb
Body

FIG 2.14 | Capacitances of an

MOS transistor

50



MOS transistor’s caps Summary

B extrinsic cap. EE intrinsic cap.
- Subthreshold | Triode | Saturation
1/zWLC +C 2/3WLC +C
ng Cov %WLCOX+COV Cov
C | A
¢ o) : :
Csb stb stb+y2% stb+%%
Cab Ciab Ciabt 7€ Cidb
C \/_l_\/c
ad db
y Xd is the width of the 2\ Pay
CCB = % - WL depletion region B ”:J *
d at the silicon interface
CQS Csb ‘



Non-ideal I-V effects

The saturation current increases less than quadratically with increasing V,
— Velocity saturation
— Mobility degradation
Channel length modulation
Body Effect
Leakage currents
— Sub-threshold conduction
— Junction leakage
— Tunneling

Temperature dependence and supply dependence (environmental
dependence)

Geometry Dependence (process dependence)



Pass Transistors

e 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
— Called a degraded “0”
— Approach degraded value slowly (low |4)



Pass transistor Circuits

(b) 6@
GND
Voo Voo Voo
Voo l l
L1 1 1 V. -V
(c) V-V, V-V, DD Vtn
Voo
Voo [ V.~V

d

(d) Vop T L Vo2V,

PSR pass transistor
threshold drops
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Transmission gate ON resistance

VDD

1

Vin _D_Vout — Vin_w_vout

At a given operating point

"‘\.Rp . Inpm" volfage Vin is
- ‘-\ N
2. (? e ) - Swept from &b to VDD
= on \
'N/d.s T

WA Resistance of a transmission
gate as a function of input
voltage S5



Tri-state Inverter

“f ENb “1{ ENb
e e
A — ﬂY A - |—Y
T T
u 57 EN _|57 EN
(a) (b)
T
S— ENo —[ / BAD
ENb ;] i |
B If the output is tri-stated but A toggles,
A EN ]’Y A Y charge from the internal nodes (= caps)
o 8 may disturb the floating output node
—
© v (@

M Tristate inverter
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Effective resistance of a transistor

e First-order transistor models have limited value
— Not accurate enough for modern transistors
— Too complicated for hand analysis
e Simplification: treat transistor as resistor
— Replace 1(Vy,, V) with effective resistance R
— Iy = V4 /R
— R averaged across switching range of digital gate
e Too inaccurate to predict current at any given time

— But good enough to predict RC delay (propagation delay of a logic
gate)



RC Values

« Capacitance
— C=C,=C,=C, =2 fF/um of gate width
— Values similar across many processes
* Resistance
— R = 6 KQ*um in 0.6um process
— Improves with shorter channel lengths
 Unit transistors
— May refer to minimum contacted device (4/2 A\)
— or maybe 1 um wide device
— Doesn’t matter as long as you are consistent



RC Delay Models

* Use equivalent circuits for MOS transistors
— ideal switch + capacitance and ON resistance
— unit nMOS has resistance R, capacitance C
— unit pMOS has resistance 2R, capacitance C
e Capacitance proportional to width
e Resistance inversely proportional to width



Switch level RC models

d

gk «—> g—
) gkC»Tjkc

d L
P
d

FIG 2.34 Equivalent RC circuit models
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Inverter Delay Estimate

e Estimate the delay of a fanout-of-1 inverter

Laoc
R

1 —=2C =2C
Aﬂ <> Y -w—p
1 1 __LC Ri ::C
R $ —C < —
A4

EEPERE nverter propagation delay
delay = 6RC 61



Resistance of a unit transmission gate

 The effective resistance of a transmission gate is the
parallel of the resistance of the two transistor

e Approximately R in both directions

e Transmission gates are commonly built using equal-
sized transistors

* Boosting the size of the pMOS only slightly improve
the effective resistance while significantly increasing
N the capacitance

1
0% 1 R 2R
s Lo ? a—J—b a=0{N} a=1{F
T 4R 2R
O = _s_,e =R

LWL Effective resistance of a unit
transmission gate



Summary

Models are only approximations to reality, not reality itself

Models cannot be perfectly accurate

— Little value in using excessively complicated models, particularly
for hand calculations

To first order current is proportional to W/L

— But, in modern transistors Leg is shorter than L.,

e Doubling the Ly.wn reduces current more than a factor of two

e Two series transistors in a modern process deliver more than half the
current of a single transistor

Use Transmission gates in place of pass transistors
Transistor speed depends on the ratio of current to capacitance

— Sources of capacitance (voltage dependents)
* @ate capacitance
e Diffusion capacitance



