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Why Analog?

Most of the physical signals are analog in nature!

Although digital is great we need an analog interface to convert
physical signals from analog to digital

Also, in some application after processing the signals in digital domain,
we need to convert them back to analog.

Thus in many applications analog and mixed-signal circuits are the
performance bottlenecks.

Also with constant process improvements the boundary of between
high-speed digital and analog circuits becomes more and more fuzzy!

That is why analog and mixed-signal designers are still and hopefully
will be in demand for the foreseeable future.
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Typical Real World System

5
3]
AFE | 5 | DsP
* Example:
Myl
— Filter » ADC » DSP
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Intel's Tick-Tock Model

The Tick-Tock model through the years

ﬂ ﬁ a m performance, new

Tick Tock Tick Tock Tick Tock Tock efficiency, and

. x form factor
Intel* microarchitecture Intel® microarchitecture Intel® microarchitecture advances
code name Nehalem code name code name Haswell
Sandy Bridge

Tick (process technology advancement), Tock (new microarchitecture)

http://www.intel.com/content/www/us/en/silicon-innovations/intel-tick-tock-model-general.html
SM
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Intel 45 nm Process

L 4

http://blog.oregonlive.com/siliconforest/2007/11/intel11.pdf
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Background

Suggested Reading

Structure of MOS Transistors
Threshold Voltage
Long-Channel Current Equations
Regions of Operation
Transconductance
Second-Order Effects
Short-Channel Effects

. MOS Layout

10. Device Capacitances

11. Small-signal Models

12. Circuit Impedance

13. Equivalent Transconductance

©o N gk wDdPE
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Suggested Reading

» Most of the material in this set are based on
Chapters 2, 16, and 17 of the Razavi's book: Design of Analog

CMOS Integrated Circuits

Many of the figures in this set are from © Design of Analog CMOS Integrated Circuits,
McGraw-Hill, 2001, unless otherwise noted.
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Transistor

» Transistor stands for ...

» Transistor are semiconductor devices that can be classified as
— Bipolar Junction Transistors (BJTs)

— Field Effect Transistors (FETS)

« Depletion-Mode FETSs or (e.g., JFETSs)

« Enhancement-Mode FETs (e.g., MOSFETS)
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Simplistic Model

¢ MOS transistors have three terminals: Gate, Source, and Drain

Gate

1

Source —FL . Drain

¢ The voltage of the Gate terminal determines the type of connection
between Source and Drain (Short or Open).

¢ Thus, MOS devices behave like a switch

NMOS PMOS
V; high | Device is ON Device is OFF
D is shortedto S D & S are disconnected
Vg low | Device is OFF Device is ON
D & S are disconnected | D is shorted to S

SM . 12
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Physical Structure - 1

« Source and Drain terminals are identical except that Source provides
charge carriers, and Drain receives them.

¢ MOS devices have in fact 4 terminals:
— Source, Drain, Gate, Substrate (bulk)

S

Metal

Source (S) Gate (G) Drain (D)
o o

Oxide (8i02) Metal
Oxide (Si0,) (thickness =

Source
region

Channel
region

L

p-type substrate p-type substrate
(Body) (Body)
Channel
Body
Drain region (B)
(a) (b)
© Microelectronic Circuits, 2004 Oxford University Press
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Physical Structure - 2

e Charge Carriers are electrons in NMOS devices, and holes in
PMOS devices.

» Electrons have a higher mobility than holes
» So, NMOS devices are faster than PMOS devices
e We rather to have a p-type substrate?!

G Poly D

Oxide
Lp: Due to Side Diffusion

/Poly-silicon used instead of Metal

for fabrication reasons

Laraan

p-substrate ' —=  a—Llp

+ Actual length of the channel (L) is less than the length of gate

SM . 14
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Physical Structure - 3

N-wells allow both NMOS and PMOS devices to reside on the
same piece of die.

?*LJ \?

n-substrate

@

5

J liftéTi—l‘;JliJ

As mentioned, NMOS and PMOS devices have 4 terminals:
Source, Drain, Gate, Substrate (bulk)

In order to have all PN junctions reverse-biased, substrate of
NMOS is connected to the most negative voltage, and substrate
of PMOS is connected to the most positive voltage.

1
2

p-substrate

SM
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Physical Structure - 4

MOS transistor Symbols:

NMOS PMOS NMOS PMOS NMOS PMOS
2] ] 1] k-] 1] D
Ga—l%_...oﬂ g-'%....aﬂ Go-'% Gn—'% Gn—'% 60—44
]
5 (v ] ] ¢] 5 5

(b} )

In NMOS Devices: Sourcel #9°19"_, Drain
Current flows from Drain to Source

In PMOS Devices: Sourcel 1% - Drain
Current flows from Source to Drain

Current flow determines which terminal is Source and which one
is Drain. Equivalently, source and drain can be determined based
on their relative voltages.

SM
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Threshold Voltage - 1

» Consider an NMOS: as the gate voltage is increased, the surface
under the gate is depleted. If the gate voltage increases more,
free electrons appear under the gate and a conductive channel is

formed.

p-substrate p-substrate Electrons
i)

(a) An NMOS driven by a gate voltage, (b) formation of depletion region, (c) onset of inversion,
and (d) channel formation

* As mentioned before, in NMOS devices charge carriers in the
channel under the gate are electrons.

SM . 17
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Threshold Voltage - 2

< Intuitively, the threshold voltage is the gate voltage that forces the
interface (surface under the gate) to be completely depleted of charge (in
NMOS the interface is as much n-type as the substrate is p-type)

e Increasing gate voltage above this threshold (denoted by Vi, or V)
induces an inversion layer (conductive channel) under the gate.

Gate electrode

Induced
ntype 0D
channel

\ P ~

- . - &£
p-type substrate
T
Depletion region
B

© Microelectronic Circuits, 2004 Oxford University Press
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Threshold Voltage - 3

Analytically:
Quep
Vi = Pys +2|:IIDF‘+ C
Where:

@5 =Built-inPotential = @ g4t = Pgijlicon
=the difference between the work functions of
the polysilicon gate and the silicon substrate

@_ =Work Function (electrostatic potential) = K EI]n(NS““J
q n

Q,, =Charge in the depletion region = /4[¢ (&, (& |IN_,

SM . 19
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Threshold Voltage - 4

* In practice, the “native” threshold value may not be suited for
circuit design, e.g., V1 may be zero and the device may be on for
any positive gate voltage.

» Typically threshold voltage is adjusted by ion implantation into the
channel surface (doping P-type material will increase Vq, of
NMOS devices).

[ ey
feesesieiesirstasntesai]

pt
p-subsirate

* When Vgis zero, there is no horizontal electric field present in the
channel, and therefore no current between the source to the drain.

* When Vgis more than zero, there is some horizontal electric field
which causes a flow of electrons from source to drain.

SM . 20
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Long Channel Current Equations - 1

¢ The voltage of the surface under the gate, V(x), depends on the
voltages of Source and Drain.

o If Vpgis zero, Vp= Vg=V(x). The charge density Q (unit C/m) is uniform.

=;Q -_ cy - _(CoxWL)[qVGS _VTH)
L

QdL L

Vo

_L_ilr__L Qs =-WGC, (Vos =Viu)

e If Vpg is not zero, the channel is tapered, and V(x) is not constant. The
charge density depends on x.

— 1 =-WC \Y; V.
g ﬁ?}: Qd(x)_ ox(\/GS (X) TH)

p-substrate =

SM . 21
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Long Channel Current Equations - 3

Current :

dQ _dQ_ dx .
| =—=—x—=Q, Velocit e ,
ot dxdr Y i -
» Velocity in terms of V(x): &
. dv
velocity=uE , E= e L 4

- velocity= (u# El_d;/%) :

|

» Qg interms of V(x): [ 5 I
| it |

Qs (%) = “WC,,Ves ~V(X) = Vi) ; =,

i |

Current in terms of V(x): 0 ‘ :
dV(X) © Microelectronic Circuits, 2004 Oxford University Press
I :Wcox[ves =V(x) Vi ]/'In

d
L Vbs g
IOIDdX: I})Ncoxun[ves =V(X) =V, JdV
X= V=

Voliage

Long-channel current equation:

w 1
Iy = IuncoxT[(VGS =V Vos _EVDZS]

SM . 22
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Long Channel Current Equations - 4

e If Vps = Vgs-Voy We say the device is operating in triode (or linear) region.

+ Currentin Triode Region: I, =4, [T, d,LX EE(VGS “Vy ) Wps —% IS/DZS}

ok
| Trinde Region

Vos

« Terminology:
AspectRatio= %

Overdrive Voltage= Effective Voltage=V;q —V;,, =V

SM . 23
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Long Channel Current Equations - 5

» For very small V¢ (deep Triode Region):
Ip can be approximated to be a linear function of V.

The device resistance will be independent of V5 and will
only depend on V.

The device will behave like a variable resistor

E Vos
sl 4p > s+n

If Vi << Z(VGS —Viu ): J—
Iy =4, [T, % I:quS ~Vry )WDS
= Vos _

1
o H, [T, d/L! [(VGS =V )

Row

SM . 24
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Long Channel Current Equations - 6

* Increasing Vg causes the channel to acquire a tapered shape. Eventually,
as Vpg reaches Vgg — Vo the channel is pinched off at the drain. Increasing
Vpg above Vgg — Vo has little effect (ideally, no effect) on the channel’s
shape.

Source

© Microelectronic Circuits, 2004 Oxford University Press

* When Vg is more than Vgg — Vqy the channel is pinched off, and the
horizontal electric field produces a current.

SM . 25
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Long Channel Current Equations - 7

e If Vpg > Vgg — Vq, the transistor is in saturation (active) region,
and the channel is pinched off.

Vo

Vos Vos2> Yosi

" ]

l a* n* J 1 n* .:'-_"-"- nt J
{pinchoff
0 £

V(xy) = Vge= ¥y Vixg) = Vgg =y
L Ves—Vrn P
I Ib dx= IWCOJJ n[VGS -V(X) -V, Jav o Saturation Region
x=0 V=0 :

1 W
I =Eluncoxf(vGS ~Vpy)?

* Let's, for now, assume that L'=L. The fact that

i y
L' is not equal to L is a second-order effect [T .

known as channel-length modulation.

* Since I, only depends on Vgg, MOS transistors in saturation can be
used as current sources.

SM . 26
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Long Channel Current Equations - 8

Current Equation for NMOS:

0 ;if Vgg <Vqy (Cut-off)

H, [Coy d%/ [(VGS Vi ) Wps 1 if Vs > Vi, Vs << 2(Vgs ~ Vi) (DeepTriode)
1 . .
JZAL o d%/ E[(VGS =V ) Wps _E |N/Dzs +if Vos >V, Vps <Vgs —Vryy (Triode)

1 . .
5 Lk, [C,, dg Ves =Viw)® 3 if Vs > Vi, Vpg > Vg = Vo, (Saturation)

SM
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Long Channel Current Equations - 9

Current Equation for PMOS:

0 ;if Vgg <|Vy| (Cut-off)

H, [T, % E(Vse ~Mu ‘) Wep 1+ if Vg >V, Vep << 2V =My |) (DeepTriode)
wl, - TN ) .
Hy [Co L (Vse Ve ‘) WVsp 5 W | +if Vg > V|, Vsp <Visg = Vry| (Triode)

1 . .
5 Ly, [C,, d% Ve ~Nml? 3 if Voo > Vo], Vsp > Ve =V | (Saturation)

SM
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Regions of Operation - 1

« Regions of Operation:
Cut-off, triode (linear), and saturation (active or pinch-off)

Ups = vgs — Ve |
Triode |
region 1

Yos =V, +2.0

vgs =V, + 1.5

T T T T T T 1T

© Microelectronic Circuits, 2004 Oxford University Press

¢ Once the channel is pinched off, the current through the channel is
almost constant. As a result, the I-V curves have a very small slope in
the pinch-off (saturation) region, indicating the large channel
resistance.

SM . 29
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Regions of Operation - 2

¢ The following illustrates the transition from pinch-off to triode region for
NMOS and PMOS devices.

Saturation Edge of Triode Reglon Saturation Edge of Triode Reglon

dotd ol idopd ord

e For NMOS devices:
If Vpincreases (Vg Const.), the device will go from Triode to Pinch-off.
If Vg increases (Vp Const.), the device will go from Pinch-off to Triode.
** In NMOS, as Vg increases the device will go from Triode to Pinch-off.
e For PMOS devices:
If Vp decreases (Vg Const.), the device will go from Triode to Pinch-off.
If V5 decreases (V Const.), the device will go from Pinch-off to Triode.
**In PMOS, as Vgp increases the device will go from Pinch-off to Triode.

SM . 30
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Regions of Operation - 3

*« NMOS Regions of Operation:

Voltage |
|
Overdrive |
voltage Saturation
| !
\.\ G S V. LR
R Vi !
5| & D
Threshold — T I'riode
5 ‘T :

© Microelectronic Circuits, 2004 Oxford University Press

« Relative levels of the terminal voltages of the enhancement-type NMOS
transistor for different regions of operation.

SM . 31
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Regions of Operation - 4

« PMOS Regions of Operation:

Voltage *
¥, \
Threshold 1‘ - Iriode
i ¥ p
7 ; M LT
[ G

Saturation
|
|
|
|

© Microelectronic Circuits, 2004 Oxford University Press

« The relative levels of the terminal voltages of the enhancement-type
PMOS transistor for different regions of operation.

SM . 32
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Regions of Operation - 5

Example: Ve
For the following circuit assume that V,=0.7V. l
e When is the device on? + My

What is the region of operation if the device is on?

Sketch the on-resistance of transistor M, as a function of V.

SM
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Transconductance - 1

The drain current of the MOSFET in saturation region is ideally a
function of gate-overdrive voltage (effective voltage). In reality, it is also
a function of V.

It makes sense to define a figure of merit that indicates how well the
device converts the voltage to current.

Which current are we talking about?
What voltage is in the designer’s control?

What is this figure of merit?

_0p
9 AV [Vps = Const

SM
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Transconductance - 2

Example:

Plot the transconductance of the following circuit as a function of Vg

(assume V, is a constant voltage). e

-'nr
v -
Vn‘-'! My Yos J

¢ Transconductance in triode: Vo= Vry

9 1
I [l‘ln [T, dIL!E[(VGs _VTH)WDS _Ewés])

T Ve

Vps = Const
=1, [Ty a,l\_l Wps
¢ Transconductance in saturation:

0 (1
= oy, c V)2
o asz[zuzn o B e Vi) )‘V

bs = Const

= U, [Ty IﬂL WVes —Vru)

« Moral: Transconductance drops if the device enters the triode region.

SM . 35
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Transconductance - 3

« Transconductance, g,,, in saturation:

} 20
= [C éﬁ -V =12 [C d/!D =_~"D
gm :un 00X L I:QVGS TH ) :un ox L D VGS _VTH

« If the aspect ratio is constant: g,, depends linearly on (Vgs - V).
Also, g,, depends on square root of Ij.

« Iflyis constant: g, is inversely proportional to (Vg - V11)-
Also, g,, depends on square root of the aspect ratio.

« If the overdrive voltage is constant: g, depends linearly on I5.
Also, g,,, depends linearly on the aspect ratio.

T Gm Im

T 1 U
Vas =V Ip Vas=Vm
WIL Constant WiL Conslant /o Constant
SM 36
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Second-Order Effects (Body Effect)

Substrate Voltage:
« So far, we assumed that the bulk and source of the transistor are at the
same voltage (Vg=Vy).
e If Vz>V,, then the bulk-source PN junction will be forward biased, and
the device will not operate properly.
o If V<V,
— the bulk-source PN junction will be reverse biased.
— the depletion region widens, and Qg increases.
— Vo4 will be increased (Body effect or Backgate effect).

e
Vo

"a]fu "'j? Vo I

-
Ce JUs J3gegela]
p-substrate =~ a,

p-substrate Qa

¢ It can be shown that (what is the unit for y ?):

v 20y LEsi (INsup

V :VTHO+y[€‘/|ZBDF +Vsg —‘/|2@bp|j where y = <
0X

SM . 37
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Body Effect - 2

Example:

Consider the circuit below (assume the transistor is in the active region):

« If body-effect is ignored, V;, will be constant, and I, will only depend on
Vgs1=Vin-Vour- Since 1, is constant, V-V, remains constant.

Vi, =Vou Vo =C =Const -V, -V, =V, +C =D =Conts
e In general, I; depends on Vgg;- Vi =Vin-Vour Vo (@nd with body effect
V14 IS not constant). Since |, is constant, V-V, V4 remains constant:

Vin _Vout _VTH =C=Const - Vin _Vout :VTH +C

e As V,, increases, Vg, increases, and as a result Vq, increases.
Therefore, V-V, Increases.
VDB
My
Viyo—| 4 V y
” Vout A A"_
T T

No Body Effect ~ With Body Effect

SM . 38
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Body Effect - 3

Example:
For the following Circuit sketch the drain current of transistor M; when Vy

varies from -« to 0. Assume V,,,=0.6V, y=0.4V*2, and 2®=0.7V.

SM
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Channel Length Modulation - 1

When a transistor is in the saturation region (Vps > Vgs — V)s
the channel is pinched off.

Va

Vos Vosz> Vosi

ipinch—off;
[] LE]
Vi) = Vag— ¥y V{xa) = Vos— ¥y

. . 1 '\
The drain currentis Ip :Eﬂncox?(vGS ~Vry)? where L' = L-AL

1 1 1 1 1
R vt it

; 1 1 1
Assuming ALL:/‘WDS we get: f :E[([]_+A%)_E[ﬂ1+/] WDS)

. . 1 W 1 W
The drain currentis 1o = #Cor s (Vas ~Van)* = 5 HeCou -~ Ves = Vi )* L+ A Vi)

2 2 L

As | actually depends on both Vg5 and Vpg, MOS transistors are
not ideal current sources (why?).

SM
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Channel Length Modulation - 2

A represents the relative variation in effective length of the channel for a given

increment in Vpg.

For longer channels A is smaller, i.e., A O 1/L

0l
Transconductance: On =20
0Vgs [Vps = Const

In Triode:
O = U, [Cyy Iﬁl\ljlm/os

In Saturation (ignoring channel length modulation):

20
0¥ vy~ fomre, P, =20
I = H, Lo L[Wes ) Hn Lo L ° VoV

In saturation with channel length modulation:

20
0= g o B WV Vi A V) = 200, €, 0, T4 A V) =222
Gs TH

The dependence of I, on Vg is much weaker than its dependence on Vgg.

SM
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Channel Length Modulation - 3

Example:
Given all other parameters constant, plot I5-Vg characteristic of an NMOS

for L=L, and L=2L,
In Triode Region: 1p zynmoxﬂl\flt[(ves—vm)WDS—%WEZ,S]

o

Therefore : o u] w
Y

bs L

T
) ) 1 w
In Saturation Region: Ip :EﬂncoxT(VGS_VTH P+ Atvps)
ap _1 w )
Sowe get: —— == Cox— [y )
g9 VoS 2/1n oxL(VGS TH)
dp WO W

Therefore: 3
DS L L

Changing the length of the device from L, to 2L, will flatten the 15-Vpg
curves (slope will be divided by two in triode and by four in saturation).

Increasing L will make a transistor a better current source, while
degrading its current capability.

Increasing W will improve the current capability.

SM
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Sub-threshold Conduction

e If Vgg < Vi, the drain current is not zero.
e The MOS transistors behave similar to BJTs. S
Vee logip x Law

« InBJT: I =Ig@"

VGS

+ INMOS: I, =1, @™

¢ As shown in the figure, in MOS transistors, the drain current drops by
one decade for approximately each 80mV of drop in Vgs.

« In BJT devices the current drops faster (one decade for approximately
each 60mv of drop in Vgg).

¢ This current is known as sub-threshold or weak-inversion conduction.

SM . 43
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CMOS Processing Technology

» Top and side views of a typical CMOS process

AA' Cross Section

T YT T

n-well

p=substrate

SM ) 44
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CMOS Processing Technology

Different layers comprising CMOS transistors

Tactive T

nwell

LI Loy
=Ly pyl

EECE 488 — Set 1: Introduction and Background
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Photolithography (Lithography)

Used to transfer circuit layout information to the wafer

.
Photoresist

Transparent
Glass
Mask i
_Subslrala-
) (b}

b s

Sllicon

EECE 488 — Set 1: Introduction and Background
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Typical Fabrication Sequence

Si0z

lant

===

psubstrate psubstrate
ChannelStap
Implant
‘ ‘ Pholorasist
Sign Ers e [eeaaransa i
T et g O]
psubstrate psubstrate PR s Sy
ThresholdAdjust ThresholdAdjust
Implant Implant
Gate
N Oxide
i - .
— — T
awell
psubstrate psubstrate
NTyps Implant WType Implant
]
Proly . Poly NIM" ~ Photoresist
AR m
we awei
psubstrate psubstrate
PType Implant Elopslegist

T -

SM
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Self-Aligned Process

* Why source and drain junctions are formed after the gate oxide
and polysilicon layers are deposited?

20 in-l'-'D‘Tn-J@Tn

pP=subsirate

p=subsirate

p-subsirate

M-Type Implant

it

e

SR

p-substrate

SM
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Back-End Processing

e Oxide spacers and silicide

Ouide Spacer
B —
n=well
[F1]
Silicide:
R -— =
I "t L . P n*
n—weil
h}
SM EECE 488 — Set 1: Introduction and Background 4

Back-End Processing

» Contact and metal layers fabrication

Contact Holes

/N
E E Si0;

I3 n* n“ 3 P ey
p=substrate n=well
(a)
- RIS =TTl
Pt n* e p* P S
p-substrate n-well
thy
pats 2
| i i SNy
P n* n' P P "
p—substrate n—well
(e
SM . 50
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Back-End Processing

e Large contact areas should be avoided to minimize the
possibility of spiking

Metal 1 Metal 1
Gate Gate I
ey T L~ J
p-substrate p-substrate
{a) {h)
SM 51
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MOS Layout - 1

¢ ltis beneficial to have some insight into the layout of the MOS devices.

Channel
[‘.E - Area
- m
1 - Contaet

B B Windows

. e
Larmwn

fah by

« When laying out a design, there are many important parameters we
need to pay attention to such as: drain and source areas,
interconnects, and their connections to the silicon through contact
windows.

« Design rules determine the criteria that a circuit layout must meet for a

given technology. Things like, minimum length of transistors, minimum
area of contact windows, ...

SM . 52
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MOS Layout - 2

Example:
Figures below show a circuit with a suggested layout.
E F E Aluminum
] ."'_'_‘l, Wires
Ao—ilom, w AE—

c My M, B

&
z

1

« The same circuit can be laid out in different ways, producing different
electrical parameters (such as different terminal capacitances).

SM . 53
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Device Capacitances - 1

e The quadratic model determines the DC behavior of a MOS transistor.
e The capacitances associated with the devices are important when
studying the AC behavior of a device.
e There is a capacitance between any two terminals of a MOS transistor.
So there are 6 Capacitances in total.
» The Capacitance between Drain and Source is negligible (Cps=0).
o

Cen Coa

R
My
b

Cas Csa
|
Cen

]

» These capacitances will depend on the region of operation (Bias
values).

SM . 54
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Device Capacitances - 2

« The following will be used to calculate the capacitances between

terminals:
. . _‘gux
1. Oxide Capacitance: C, =WLL(T, , Cox-g

Depletion Capacitance: c,=c,,=w /%N

2. i
3. Overlap Capacitance: ¢,=C,=C,, =W, T,, +Cypy
4. Junction Capacitance:
» Sidewall Capacitance: c,, _ Cu
> Bottom-plate Capacitance: c, a {“%T

Cs=C;=C;+Cy,

%
" Blrwmi{n h Ds>erfm h
T4 "

" Layer Layer

(691

SM . 55
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Device Capacitances - 3

In Cut-off:
1. Cgg is equal to the overlap capacitance. Ces=Co =G
2. Cgp: is equal to the overlap capacitance. Ce =€ =Cs
3. Cggiisequalto Cyate-channel = C1 in series with C_annet-buik = Co-

4. Cgg: is equal to the junction capacitance between source and

bulk.
5. Cpg: is equal to the junction capacitance between source and
bulk.
Cs =Cs
Cpe =G
FCy E3E] Cy—
_;ﬁ / %c; \i [ ‘ I/
Inversion Depletion T “ <
" Layer Layer o Cow
T4
(m )
SM 56
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Device Capacitances - 4

In Triode:

e The channel isolates the gate from the substrate. This means that if Vg
changes, the charge of the inversion layer are supplied by the drain
and source as long as Vg is close to zero. So, C, is divided between
gate and drain terminals, and gate and source terminals, and C, is
divided between bulk and drain terminals, and bulk and source

terminals.

C
1. CGS: Cgs =C,, +71
Cop'  Cop=Cy+2 C
Cgg: the channel isolates the gate from the substrate. Cg; =0

C,
CSB: Cop=Cs+—~
] R\ P
Invarsion Depletion “ “
Layer Layer cl cln
T

ok wbd

Cos: Cpg =Cy +-2
SM 57
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Device Capacitances - 5

In Saturation:

¢ The channel isolates the gate from the substrate. The voltage across
the channel varies which can be accounted for by adding two
equivalent capacitances to the source. One is between source and
gate, and is equal to two thirds of C,. The other is between source and
bulk, and is equal to two thirds of C,.

2
1. CGS: Ces =Cyy +501

2. Cgp:  cp=c,

3. Cgg: the channel isolates the gate from the substrate. c., =0
4. Cegg CSB=CS+§c2

5. Cpgi  Cw=C

e

SM . 58
EECE 488 — Set 1: Introduction and Background

29



Device Capacitances - 6

e Insummary:

Cut-off Triode Saturation
C 2
Ces Co Cot Ca+3C:
C
Cep Cov Co + ?1 C,,
C G ¢
GB C.+C, (Coa(Cy 0 0
C2
CSB Cs G +? C+2C,
C
Cos c, Cat— Co
Vi
W -
* E‘[ on | Can
Ve = i
= Viy VotV  Vas
SM . 59
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Importance of Layout

Example (Folded Structure):
Calculate the gate resistance of the circuits shown below.

i
mm
W
mjm
'
—FL.
Folded structure: P P
» Decreases the drain capacitance
« Decreases the gate resistance
* Keeps the aspect ratio the same
SM 60
EECE 488 — Set 1: Introduction and Background
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Passive Devices

* Resistors
Silicide Block
=woll
_mf (= ] m
Yoo
Sllicided Poly
o ey | o .:_M o
p-substrate p~substrate
SM . 61
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Passive Devices
» Capacitors:
o Poly 2 o Matal 1
P T 1—— SO T—— o
__T__““_‘_ F F
. i i, ox i A 1=1 3
p-substrate p-substrate p-substrate
[ (1Y) ich
Substrate
SM 62
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Passive Devices

« Capacitors

p-substrate ve

1a) ih}

SM . 63
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Passive Devices

* Inductors
e
[=]-
SM 64
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Latch-Up

Due to parasitic bipolar transistors in a CMOS process

SM

65
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Small Signal Models - 1

Small signal model is an approximation of the large-signal model
around the operation point.

In analog circuits most MOS transistors are biased in saturation region.

In general, I is a function of Vg, Vg, and Vgs. We can use this Taylor
series approximation:

ol ol ol

Taylor Expansion |, =1, +—2- AV, + —2- [AV, +—2- [A\V, +secondrder terms
yl p D DO aVGS GS aVDS Ds aVBS BS
dl al al AV,
Al = 0\/; [AVgs +ﬁ AV +W:s [AVgs = gy, [AVs + ODS + O [AVs

SM

66
EECE 488 — Set 1: Introduction and Background

33



SM

Small Signal Models - 2

Current in Saturation: 1, :%'un ot Vas ~Vig)* = %/‘In ox (Ves Vi ) L+ A V)

al al al
imation: Alp = =2 AV + -2 [V, +—2-[AV,
Taylor approximation: Al, AV, PVes * gy [BVos * 50 ~[AVes

Partial Derivatives:

ol

OVD =4, C,, Iﬁl\fl[ﬂves VTH)Eﬂl-'-/]WDS) Im
Gs

al,

S PV e LT VARRVAR Lo I R
aVDS zgjn ox L I]VGS TH) D ro

al = aID E?VJ { ﬂnmox¥mves_vm)[ﬂl+/]WDS)}%_y:l

aVBS aVTH 0Ves ‘ZEDF +VSB‘

‘ZBDF +Vss‘

SM
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Small Signal Models - 3

Small-Signal Model:
=09,V 4705y I WVas
I

Terms, g,Vgs and g,,Vgs, Can be modeled by dependent sources.
These terms have the same polarity: increasing vg, has the same
effect as increasing vg.

The term, vpg/r, can be modeled using a resistor as shown below.

6oy B Ge—— oD
s
s D
Ve 17

Vss
-

SM
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Small Signal Models - 4

¢ Complete Small-Signal Model with Capacitances:

Cop

& A 5

3
Ces% a (-JPQ,,.I-I'“ T dﬂgmvu.

T Cen 51; J_ T Com
VB.T Csg
+

B

¢ Small signal model including all the capacitance makes the intuitive
(qualitative) analysis of even a few-transistor circuit difficult!

« Typically, CAD tools are used for accurate circuit analysis

« For intuitive analysis we try to find a simplest model that can represent
the role of each transistor with reasonable accuracy.

SM . 69
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Circuit Impedance - 1

« ltis often useful to determine the impedance of a circuit seen from a
specific pair of terminals.

*  The following is the recipe to do so: Iy
1. Connect a voltage source, Vy, to the port. j\/
2. Suppress all independent sources. _ .

3. Measure or calculate Iy.

SM . 70
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Circuit Impedance - 2

Example:

¢« Find the small-signal impedance of the following current \Hg
sources. LR
e We draw the small-signal model, which is the same for both
circuits, and connect a voltage source as shown below: R,
v,
i =Yerg v, =2
ro ro
R ==r
IX
SM EECE 488 — Set 1: Introduction and Background n
Circuit Impedance - 3
Example: R,
¢ Find the small-signal impedance of the following circuits. v,
¢« We draw the small-signal model, which is the same for both L’L

circuits, and connect a voltage source as shown below:

o Ay

AG—, o
Yes™Vx { 2 ImVas fa <>9mnvas W ‘Ig
L 3 R,

i =Y-g W, -g, W, =Yg I, +g, I,
r

9.

SM . 72
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Circuit Impedance - 4

Example: N

e Find the small-signal impedance of the following circuit. This
circuit is known as the diode-connected load, and is used
frequently in analog circuits.

e We draw the small-signal model and connect the voltage
source as shown below:

.V Vv _ 1 8 iy

Ix_ix+gm|]/es_7x+gmwx_vx 7+gm € + =
r r r <b %
Vas L

Yas™Vx

A 8

« If channel length modulation is ignored (r,=«) we get:

%

1 1_1
Rx = |’0 —— = oo|— =
g. 9. 0.
SM EECE 488 — Set 1: Introduction and Background &
Circuit Impedance - 5
Example: Vas
e Find the small-signal impedance of the following circuit. This
circuitis a diode-connected load with body effect.
Lr

i =Y-g W, -g, I, =2+g I, +g,,
r r

1 Wae= oy GuVas fa GmeVas
Vy T +0,%9,.
° 8
b
i %
I vy
9.

« If channel length modulation is ignored (r,=«) we get:
1 _ 1 1 _1)1

= 00 = _
gm+gmh

v 1 | 1
R<:-7X: :rD
: %+gm+gmb 90t O

o

=r

o

9.

R=r,

g,+9, 0,%0, 0./0.

SM . 74
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Equivalent Transconductance - 1

Recall that the transconductance of a transistor was a a figure of
merit that indicates how well the device converts a voltage to current.

_ol,
9. ov,,V,, =Const

It is sometimes useful to define the equivalent transconductance of a

circuit as follows:
. al ouT
G =—or
. = Const

"oV,

The following is a small-signal block diagram of an arbitrary circuit
with a Norton equivalent at the output port. We notice that:
Vour=Constant so v ;=0 in the small signal model.

Vin Tour Rour Vour=0
v, =0 %)

SM
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Equivalent Transconductance - 2

Example: 5
o
¢ Find the equivalent transconductance of an NMOS transistor Ro
in saturation from its small-signal model. Vi
¥in o—{[ M,

SM
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Equivalent Transconductance - 3

Example: Voo
«  Find the equivalent transconductance of the following circuit o s
when the NMOS transistor in saturation. v,,,o_l;' }%

lour

G D
+ % s
Vi Vag gves T Gurtas 3 0 Pl
- = ‘ |
Rs% Ys

\/\N :vGS+VS :vGS+IOUT [RS

. Y . . i
IOUT = gm |}GS + gmh B/BS _TS = gm H\I\N _IOUT ERS) + gmb [ﬂ_ IOUT [RS)_@

o o

r

o

four E€1+ g,R+g,R+ &]= g, W,

—iOUT —_— gm —_— gmljo
G = = =
Vw 1+gm[Rs+gmhR+RS ro+ro[ﬂngR+gmbR)+K

rO

SM . 7
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Short-Channel Effects

» Threshold Reduction
— Drain-induced barrier lowering (DIBL)

* Mobility degradation
* Velocity saturation
» Hot carrier effects

— Substrate current

— Gate current

e Output impedance variation

SM . 78
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Threshold Voltage Variation in Short Channel Devices

« The Threshold of transistors fabricated on the same chip decreases as
the channel length decreases.

[ retetieier ]
Imaged by Imaged by 7

S Gate

p-subsirate L o

< Intuitively, the extent of depletion regions associated with drain and
source in the channel area, reduces the immobile charge that must be
imaged by the charge on the gate.

SM . 79
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Drain-Induced Barrier Lowering (DIBL)

When the channel is short, the drain
voltage increases the channel surface
potential, lowering the barrier to flow
charge from source (think of increased
electric field) and therefore, decreasing
the threshold.

loaly

SM . 80
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Effects of Velocity Saturation

« Due to drop in mobility at high electric fields

T Without
S RERER T Valocity Saturation
) i With
/;f—_ 1 Velocity Saturation
Voo Vos—Vm Vos
iad
o Without
YARCRY SOOI i AU
P 5 Vggg+ 4V
Vasa
Vos

* (a) Premature drain current saturation and (b) reduction in g,

SM . 81
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Hot Carrier Effects

» Short channel devices may experience high lateral drain-source
electric field

e Some carriers that make it to drain have high velocity (called
“hot” carriers)

e “Hot” carriers may “hit” silicon atoms at high speed and cause
impact ionization

» The resulting electron and holes are absorbed by the drain and
substrate causing extra drain-substrate current

» Really “hot” carriers may be injected into gate oxide and flow out
of gate causing gate current!

SM . 82
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Output Impedance Variation

Recall the definition of A.

Vosi+aV

o g
ALy

! Vosi Vosi+ AV Vosz Vosz+AW  Vog

[

SM . 83
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Output Impedance Variation in Short-Channel Devices

Channel-Length
Modulation and DIBL
fol Channel-Length
Modulation

N

84
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