Chapterl. The Devices: Diode and
MOS Transistors
(Chapter 3 in textbook)

[Adapted from Rabaey’s Digital Integrated Circuits, ©2002, J. Rabaey et al.]

Goal of this chapter

a Present intuitive understanding of device
operation

a Introduction of basic device equations

0 Introduction of models for manual
analysis

Q Introduction of models for SPICE
simulation

0 Analysis of secondary and deep-sub-
micron effects

Q Future trends

Semiconductors

0 Semiconductor: electrical conductivity greater than
insulator, but less than conductor.

o Typical semiconductor materials: Si, Ge, GaAs, etc.

0 Transistors are built on a silicon (Si) substrate

a Silicon is a Group IV semiconductor material

o Forms crystal lattice with bonds to four neighbors
—Si—Si=—=Si—
=T|i — T|i — T|i —
—Si—=Si=—=Si—

Silicon Material

a Pure silicon: very few free carriers, conducts poorly
a Intrinsic Si (undoped):

n=p=n=1.5X10"cm?3 (room temperature)

where n (p): free-electron(hole) concentration,

n;: intrinsic carrier concentration.

0 Adding dopants increases the conductivity
v Group V dopants: contribute extra electron (n-type)
v Group Il dopants: contribute hole (missing electron, p-type)

=—=Si=—=Si=S8i— =Si=Si+=Si=
I, [
— Si—As—Si— —Si— B —Si—
[ [T
—Si—Si—Si— —Si—Si—Si—




Dopants

a Donor: impurity with valence 25 (e.g. P, As) => n-type with
free electrons. Assume doping concentration of donor as Np.
1). Concentration of free electrons in n-type material (n,)):
n,=Np>>n;
2). Concentration of free holes in n-type material (p,,)
P=ni?/Np

o Acceptor: impurity with valence <3 (e.g. B) => p-type with
free holes. Assume doping concentration of acceptor as N,.
1). Concentration of free holes in p-type material (p,):
pp=NA>>ni
2). Concentration of free electrons in p-type material (n,)
N,=n/Np

p-n Junctions

QO A junction between p-type and
n-type semiconductor forms a | Ptype | n-ype

diode.
. anode  cathode
a Current flows only in one ~
direction
Anode Cathode

Si0, Al
Anode
Cathode

pn junction p Bulk

The Diode

Cross-section of prjunction in an IC process

A Al
I

One-dimensjonal .
representation diode symbol

Mostly occurring as parasitic element in Digital ICs
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PN Junction

where the thermal voltage V+: V=kT/q, in it,

k: Boltzmann constant, k=1.38x10-23 m2-kg-s2-K-",
q: electron charge, q=1.6x10"°C.

At room temperature (T=300K), V;=0.026V.

0 Built-in potential of PN junction: ®.=Vr '”(N;'jbj

Reversed-biased Diode: Depletion Width

+ Depletion Width depletion region~—_
use Poisson's equation & charge neutrality [p-type REbILE n-type|
‘W=XP+X" }/ NA, :: + ND |
1 M, socaphorsiom. L+ + N, donarsiem
X = 25(\110+VR)ND ’ T |:25{\P0+VR)N.4}A R X T x T te coner
p qN.[ (ND +N_4) on qN.D (ND n NA) (negative-charge) 4W—p (pasitive-charge)
* where V, is applied reverse bias (NN
Y ¢ is the permittivity of Si ' To = 7 In o
25(‘}’ TV )N, +N, |” & = 1.04x102 Flem ;
W= 0 R/ D ~ 4 & = Kagy, Whare g, = 8.85x10°1 Fiom
q NDN_{ and Kg = 11 4 is the relative permittivity of silicon
* One-sided Step Junction Y
2
- if NN, (p+n diode) W - [M}
* most of junction on n-side 4Np
- if Np»N, (n+p d.l'ode) . - 26(¥, +7,) b
* most of junction on p-side W = x, =| —————
qN,

Forward Bias

Pn (WZ)

Pno

npo

p-region n-region

diffusion

Typically avoided in Digital ICs

Reverse Bias

Pno

Npo

) -W1 0 Wz X
p-region n-region

diffusion

The Dominant Operation Mode




Forward-biased Junction

0  Drift current: current flow due to concentration gradient of the
minority charge near junction

v
o Forward-bias current under forward-bias voltage V: b
+ > -
_ Vp/Vr ) poowd Lo L]
ID_IS(e =1} I \ N, .-VAJ
o Small-signal model of forward-biased diode T
1). Incremental resistance ry
l = E.I_Q. = eVONT = I_D WS C= Ci=F
e dV, ° Vr Yy

2). Depletion capacitance C;: for depletion width
change and immobile charge change in
depletion region.

3). Diffusion capacitance C: for minority carrier Cy = W

concentration change close to junction. la
T1: transition time of diode (specified for a given technology)

Reverse Bias Diode
a The ideal diode equation (for both forward and reverse-
bias conditions) is: .
Ip =lg(e Vo' 01— 1) A
where Vj is the voltage applied to the junction -

= a forward-bias lowers the
potential barrier allowing
carriers to flow across the 25
diode junction

* areverse-bias raises the
potential barrier and the Qo5 |
diode becomes non-conducting

¢T = kT/q = 26mV at 300K o 1 075 05025 0 025 05 075 1
Ig is the saturation current of the diode Vv, (V)

~—~ 15

(mA

Diode Biasing and Current Flow

+V - +V - I Equilibriu A [t
o D =0 Wy w=-v,)
P —— braenix iy
v W 2
o - " e e
Forward Bias; V,, > ‘¥, o e i
- acts against built-in potential
- depletion width reduced
- diffusion currents increase with V;
*  minority carrier diffusion

P . a= Vg
1 1 £ . T
‘ID :IS (eVD/VT _1)‘ I5 = 4 NiJrNiA] f":_\‘"bt" :V»\’V’_’: Vo s v

\YD

Reverse Bias; V, = -V, >0
- acts to support built-in potential
- depletion width increased
- electric field increased
- small drift current flows
+ considered leakage (13 Holeditfusion (3} Elecison difsion
12) ol et @ Beon dr
+ small until V, is too high and breakdown occurs

Diode Current

25 T T T 1DD
1.5 109
g 2
=] o
051 qoio ]
2.3 ¢7 Widecade current
0.5 * . . 10718
-1.0 05 oo 0.5 1.0 0.0 0.2 04 06
o (V) Vo (V)
(&) Onalinear scale. (D) Ona logarithmic scale (forward bias).
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Models for Manual Analysis

Ip= /S(eVD/¢T -1) In

Vp Vp Vpon

(a) Ideal diode model (b) First-order diode model

Junction Depletion Capacitance

» Depletion capacitance: capacitance due to varying charge
storage in depletion regions.

* Reason: bias voltage changes =>junction widths change
=>charge in depletion region changes => capacitance effect.

» Depletion capacitance:

_ d_d _ qK.eq NaNp
! dVy

172 Cln
e s SN Ly Ty
1+ g 2®, N, + N,

Cj,- depletion capacitance per unit area at Vg=0.

If N,>>N, (one-side diode):

142
c - gK.esNp _ Co where G = qi.e,Np
P20y + V) Ve LA T
l+—
O

0

Junction Capacitance

2.0

abrupt junction
151

10

()

linear junction
05}

0.0 =] 30 00

o= 0 m = 0.5: abrupt junction
i m = 0.33: linear junction

Diffusion Capacitance

Excess Minority Carrier Charge

Pug

W0 W,

n-region

_p Yo ulp
4= av, T T, ey




Secondary Effects Diode Model

0.1
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Avalanche Breakdown

SPICE Parameters Device: The MOS Transistor

SPICE - Default
Parameter Name Symbol Name Units value
Saturation current Iz s A 1.0 E-14
Emission coefficient 4 N - 1
Series resistance Rg RS Q 0
Transit time Tr T gec 0
Zero-bias junction T CJ0 F 0
capacitance D et
Grading coefficient m M - 0.5 source / Drain
- - Regions
Tunction potential [ vy v 1 i

First Order SPICE diode model parameters.




Device: The MOS Transistor

Gate oxide

Polysilicon

in | Field-Oxide
i;i _ (Si0,)

T estonper

Bulk contact

CROSS-SECTION of NMOS Transistor

What is a Transistor?

A Switch! —— An MOS Transistor

Vs > V7 Vsl
x5 (T

Power Supply Voltage for CMOS

« GND=0V

s In1980’s, Vpp =5V
Vop has decreased in modern processes
— High Vp, would damage modern tiny transistors
— Lower V,, saves power

« Vpp=33V, 25V, 1.8V, 1.5V, 1.2V, 1.0V, ...

Polysilicon Al

Si0,

n-well

p-substrate

MOS Transistors -
Types and Symbols

T

S
NMOS Enhancement NMOS Depletion

D D
G *4 l:: Ga—l lj- B
s s
PMOS Enhancement NMOS with

Bulk Contact




MOS transistors: Types and Symbols
el g o
(&) ) @ @ @
Commonly used symbols for n-channel transistor
(@ ) (c) () s}

* Bulk connection:

v  NMQOS: bulk is generally connected to the lowest voltage
level available in the circuit (Gnd for digital VLSI, -V for analog
VLSI).

v PMOS: bulk is generally connected to the highest voltage
level in the circuit (V,, for digital VLSI, +V for analog VLSI)

The NMOS Transistor Cross Section

n areas have been doped with donor ions
(arsenic) of concentration N, - electrons
are the majority carriers

Gate oxide

Polysilicon

Field-Oxide
| (SiO,)

. psubstrate e

Bulk (Body)
p areas have been doped with acceptor

ions (boron) of concentration N, - holes
are the majority carriers

Switch Model of NMOS Transistor

o We can view MOS transistors as electrically controlled
switches

0 Voltage at gate controls path from source to drain
| Vesl Gate

Source o——’—‘_—- Drain

(of carriers) (of carriers)

Open (off) (Gate = ‘0’) Closed (on) (Gate = ‘1’)

| Vos| <] V7l | Ves| > | V7|

Switch Model of PMOS Transistor

Gate

Source —J1 L. Drain

(of carriers) (of carriers)
Open (off) (Gate = ‘1)) Closed (on) (Gate = ‘0’)
407< Ron
[ Ves| > Voo =1 V7l | | Vgs!| <| Vop—IV4 |




MOSFET Gate Operation

- Gate Capaci‘rance Cs Gate capacitor Co

inside of the
dashed-line border

- gate-substrate
parallel plate
capacitor Gate oxide —# =

- CG = anxAS /tnx [F]
+ &, dielectric constant of gate oxide
« g, :dielectric constant of vacuum
Eox = 3.9 €, channel = substrate =

g, = 8.85X10-14 [F/cm] region under the gate,
between S and D

+ Ag=gate area = L*W [cm?]

« 1,x: gate oxide thickness

. Oxide capacitance per unit area- Cox Area = A

Lo et e

- Cs = Cox A [F]

Threshold Voltage Concept

depletion

_ nchannel psubstrate  region
[
1
B

= Depletion region: area devoid of mobile carriers (holes)

= Inversion region: n-channel region under oxide

= The value of V45 where strong inversion occurs is called the
threshold voltage, V;

The Threshold Voltage

where | Vr = Vo + y(V|-20¢ + Vsl - VI-20¢])

V', is the threshold voltage at Vgg = 0 and is mostly a
function of the manufacturing process
e Difference in work-function between gate and substrate

material, oxide thickness, Fermi voltage, charge of impurities
trapped at the surface, dosage of implanted ions, efc.

Vg is the source-bulk voltage

o = -¢An(Ny/n) is the Fermi potential (¢, = kT/q = 26mV at
300K is the thermal voltage; N, is the acceptor ion concentration;
n; ~ 1.5x1070 cm-3 at 300K is the intrinsic carrier concentration in

pure silicon)

7= V2q¢,4N,)/C,, is the body-effect coefficient (impact of
changes in Vgg) (£,=1.053x10-"°F/m is the permittivity of silicon;
C,y = &/t is the gate oxide capacitance with ¢,,=3.5x10""F/m)

The Body Effect

09
085 1 e Vg is the substrate
081 bias voltage (normally
075 positive for n-channel
07 devices with the body
< 06 tied to ground)
= 06 . :
055 | e A negative bias
05 causes V; to increase
05 | from 0.45V to 0.85V
04 ‘ ‘ : :




Long Channel |-V Plot (NMOS)

)5_10"
Vg = 2.5V
51 A
[
&)
o 5
Ve =20V 2
3]
~ 37 . Q
S #iear * v Saturation > -GCJ
o o L2
, Vee=15V | =
5
S
- Vp:: = 1.0V / O
cut-off 0 0.5 1 15 2 25
Vs (V)

NMOS transistor, 0.25um, L, = 10um, W/L = 1.5, Vpp = 2.5V, V; = 0.4V

Long Channel |-V Relation (NMOS)

Vos = VEsi¥T 'Vge =BV .
—— °
2 . o 2 0020
Triode / Saturation kS
T Ves=hv| B
T Gs = =3 o
E 2 %
e o
1 By § 0.010
w
VGS =RV
- VGS =11V, p
00 10 20 30 40 50 00 .0 20 3.0

Vas (V
Vos (V) as (V)

(a) Ip as a function of Vps (b) VE) as a function of Vgs

(for Vps =5V).

NMOS Enhanceme nt Transistor: W = 100 pm, L =20 ym

MOSFET Operating Regions

Strong inversion when Vgg > V+
— Linear (resistive) when Vg < Vpg_aat
— Saturated (constant current) when Vg 2Vpg eat
Weak inversion (sub-threshold) when Vg < V+
— Exponential in Vgg with linear Vg dependence

Vps-sat: Drain-source voltage when the channel becomes
pinched off. VDS-sat=VGS—V-|-

Transconductance

- process transconductance, Ky,= p, Cox (for NMOS), k'p: ppCox {for PMOS),
» constant for a given fabrication process
- device fransconductance, = ki, W/L (forNMOS), Bg= kpW/L {for PMOS),

Transistor in Linear Mode

Assuming Vgg > V7

— B
O When Vs>V, and Vpg<Vs-Vy a current flows from drain to source
W The current is a linear function of both Vg5 and Vpg




Voltage-Current Relation: Linear Mode
For long-channel devices (L > 0.25 micron)
Q When Vpg < Vg —Vy

Ip =K'y WIL [(Vgs = V7)Vps — Vps™/2]

where
K= 1aCox = MnEoxltox = IS the process
transconductance parameter (u,, is the carrier
mobility (m?/Vsec))
k, = k',, W/L is the gain factor of the device

For small Vg, there is a linear dependence
between Vg and |5, hence the name resistive
or linear region

Transistor in Saturation Mode

Assuming Vg > V¢
Vbs> Ves - V1

* When charge in the inversion layer=0, number of mobile electrons at drain
reduces drastically. This is pinch-off

* Number of carriers arriving at pinch-off point from source remain the same
- current flowing from drain to source remains constant.

* Increasing Vpg beyond V.o-V; causes the depletion region at drain to grow
- effective c[F\anneI Iengf:ﬁ L decreases

* Since ID is inversely proportional to L, as L decreases, ID increases, but
compared to linear mode, it is relatively constant

Voltage-Current Relation: Saturation Mode
For long channel devices

a When Vpg > Vg — Vr
lp’ = K'w/2 WIL [(Vgg — V7) 7]
since the voltage difference over the induced

channel (from the pinch-off point to the source)
remains fixed at Vgg — V5

0 However, the effective length of the conductive
channel is modulated by the applied Vg, so

lp=1p" (1 +AVps)
where A is the channel-length modulation (varies
with the inverse of the channel length)

Transistor in Saturation

Vs

Vps > Vgs - V1

Pinch-off




Current-Voltage Relations

vy = Vm+1(J’—2¢F+ VSB|-J|—2¢F|)

Vos-sat= VGs~ V1=Verr

1).Linear (Triode) Region: Vgg>Vr, Vpg <Vis-Vr

W Vps?
Ip= b, T Wos=VPVps=—~ ]
3
with ¥ = o = uﬂ_ox _., Process Transconductance
n = Mnox tor Parameter

2). Saturation (Active) Region :V;>V1,Vpg=Vgs-Vr
Chm/mel Length Modulation

=

Ip= 31 Was VPP 1+ a0 el

3).Sub-threshold (Cutoff) Region: Vi g<V;
In=0
D

Current Determinates

0 For a fixed Vpg and Vgg (> V), Ipg is a function
of
» the distance between the source and drain — L
the channel width — W
the threshold voltage — V;
the thickness of the SiO, —t,,
= the dielectric of the gate insulator (SiO,) — ¢,
= the carrier mobility
—for nfets: p, =500 cm?/V-sec
—for pfets: p, =180 cm?/V-sec

Long Channel |-V Plot (NMOS)

6)’(’104
V.s =25V
5 Vps = Vas - V. N\
' ©
1S
4 1
_ 3
Ve = 2.0V IS
3 5 S
@ Gar + e > Saturation > %
-2 21 . .Q
Ves=1.5V | F
L 3
11 S
_.‘- VGS = 1.0\/ 0
- - j
0 05 1 15 2 25

cut-off
VDS (V)

NMOS transistor, 0.25um, L, = 10um, W/L = 1.5, Vpp = 2.5V, V= 0.4V

Second Order Effects
* Channel Length Modulation

- Square Law Equation predicts I, is constant with Vg

- However, I, actually increases slightly with Vs
+ due to effective channel getting shorter as V, . increases
+ effect called channel length medulation

- Channel Length Modulation factor,
+ models change in channel length with V¢

- Corrected I, equation

Cor W 2
Ip :MTOXT(VGS _Vr)’(l"' AV ps - Veﬁ"))

* Veff = V.. - Vin
+ Body Effect
- so far we have assumed that substrate and source are grounded
- if source not at ground, source-to-bulk voltage exists, Vgg > 0
- Vsz> O will increase the thresheld voltage, Vin = f(Vgg)
- called Body Effect, or Body-Bias Effect




Velocity Saturation

= For long channel device: carrier velocity increases linearly with E-field:
V=t &(X)=Hn(dV/clx)

= For transistors with very short channel length (short-channel devices),

when E-field along the channel reaches a critical value &, the velocity of

carriers saturates due to scattering effects (collisions suffered by

carriers).

F'y

)
£
\g Usat= 105m/S

Constant velocity

Constant mobility (slope = )

v

&=1.5 V/um

Perspective

= For short channel transistor, due to velocity saturation:

v Transistor enters saturation before V5 reaches V¢-Vy. Short-channel
devices experience extended saturation region, and tend to operation
more often in saturation conditions.

v' Saturation current Iyg,r Shows linear dependence to Vg instead of
squared dependence in long-channel device. This reduces the amount of
current a transistor can deliver for a given control voltage.

Ip 4 .
Long-channel device

Ves= b :

| Short-channel device
|

1 1 .

VDsaT VesVr  Vps

Velocity Saturation Effects

Vgs = Long For short channel devices
Voo — channel and large enough Vg — V7
: devices
L Short ® Vpsar < Ves— Vrso
—hannel the device enters
| devices saturation before Vg
, : reaches Vgg — Vyand
0 5 f operates more often in
Vbsar Ves-Vr saturation

e Ipsar has a linear dependence wrt Vg So a reduced
amount of current is delivered for a given control
voltage

Short Channel Effects

e Behavior of short channel device mainly due to
=105
Constant
velocity

5
102 Ys

e Velocity saturation
— the velocity of the
carriers saturates due
Constant mobility to scattering (collisions
(slope = 1) suffered by the
carriers)

v, (M/s)

§c=115 3
&(V/um)

o

e For an NMOS device with L of .25um, only a couple of volts
difference between D and S are needed to reach velocity
saturation




Voltage-Current Relation: Velocity Saturation
For short channel devices
a Linear: When Vpg <Vgg— V5
Ip = ®(Vps) K'y WIL [(Vgs — V1)Vps — Vps?/2]
where

(V)= 1/(1 + (VIEL)) is a measure of the degree
of velocity saturation

0 Saturation: When Vg = Vpgar = Vgs — V1
Ipsat = K(Vpsat) Kn WIL [(Vgs = V1)Vpsar — Vpsat?/2]

Short Channel |-V Plot (NMOS)

257"
' Early Velocity

-~

()]

<

N
Linear dependence

0 05 1 15 2 25
Vs (V)

NMOS transistor, 0.25um, L, = 0.25um, W/L = 1.5, Vpp = 2.5V, V= 0.4V

Current-Voltage Relations
The Deep-Submicron Era

x10™

25

VGS=25V

Early Saturation

VGS=20V |
151 1

Linear
Relationship

Ip (A)

VGS=15V |

05

VGS=1.0V 7

0 0.5 1 15 2 25

MOS |-V Characteristics

X104 e Linear (short-channel)
versus quadratic (long-

long-channel channel) dependence of

quadratic I on Vg in saturation

Ib (A)

e Velocity-saturation

causes the short-

channel device to

saturate at substantially

smaller values of Vg

I 18 1 1j 2 1 resulting in a substantial
Ves (V) drop in current drive

b
}
|
J
!
!
0

(for Vs = 2.5V, WL = 1.5)




|5 versus Vg

x10 A
5 10
5|
2
4 ) linear
quadratic y
3 <
o o
1
pi
) 0.5
quadratic
0 05 1 15 2 25 0 05 1 15 2 25
Vas(V) VasV)
Long Channel Short Channel

| versus Vpg

VGs=25Y

. Resistive’ Saturatioh
" VGS=20)

Ip(A)

Vps=Vgs- Vq

2 VGS=15Y
; 0.5
VGS=1.0
0y = 05 1 5 > 25 % 05 1 15 2 25
Vps(V) Vbs(V)
Long Channel Short Channel

Short Channel I-V Plot (NMOS)

Ly = 10um v Early Velocity Ly = 0.25um
DS < aturation
25X 10 -
5 10% Vg =25V
Vi = 2.5V e
5 K ’_\2--
. ' v 50V Srs =2.0V
= Gs =<
<, B - | Veg = 15V
-, Vg = 15V
1 Vo= 1.0V 0.5 VGS =1.0V
[ 2ol ; ; ; ; i 0
0 05 1 15 2 25 0 0.5 1 15 2 25
Vps (V) Vs (V)
Quadratic dependence on VGs Linear dependence on VGs

o lysar has a linear dependence with respect to V¢ (as opposed
to quadratic) so a reduced amount of current is delivered for a
given control voltage

Simple Model versus SPICE

25

Vbs=Vpsar
5l /_’Q—T""_HM

- Velocity

s} ] Saturated
. s

= °
. °
s Line f
1+
o 4= ° 53
of . 7 Vpsar=Ver
o5t //
R -3 000000000606000
> er Saturated
0
0 0.5 1 15 2 25

Vos V)




pMOS Equations

* Analysis of nMOS applies to pMOS with
following modifications
- physical
* change all n-tpye regions to p-type
* change all p-type regions te n-type
- substrate is n-type (nWell)
* channel charge is positive (holes) and (+)ve charged ions
- equations
* change Vg5 to V55 (Vo typically = VDD - V,)
* change Vs to Vg (Vs typically = VDD - V)
* change Vin 1o |Vip|
- pMOS threshold is negative, nearly same magnitude as nMOS
- other factors
* lower surface mobility, fypical value, y,= 220 em2/V-sec
* body effect, change Vg5 to Vgg

Short Channel |-V Plot (PMOS)

e All polarities of all voltages and currents are reversed

2 Vos(V) 1 0
f | | | f 0
VGS = '1.0V T '02
Vgs = -1.5V 194 2
Q
+06
Vgs =-2.0V
+08
VGS = '2.5\/
~-1x104

PMQOS transistor, 0.25um, L, = 0.25um, W/L = 1.5, Vpp = 2.5V, V;=-0.4V

The MOS Current-Source Model

]
o Ip = KWL [(Ves = V)V pie=Vimin/20(1+AVps)
S._@_.D for Vgs— V: 20
o with Vi, = min(Vgs — Vi Vips, Vipsar)
B and Vgr=Vgs- V7

e Determined by the voltages at the four terminals and
a set of five device parameters

Vio(V) | v(VO9) | Vosar(V) | K(ANVZ) | MVT)
NMOs | 043 0.4 063 | 115x10% | 0.06
PMOS | -04 -0.4 -1 -30x 106 | -0.1

The Transistor Modeled as a Switch

7X10° Modeled as a switch with
61 infinite off resistance and a
5 Ves = V7 finite on resistance, R,,
g R
ol S o AA_o D e Resistance inversely
3 proportional to W/L (doubling
x W halves R,,)
Y ® For Vpp>>V1+Vpsar/2, Ry,
0 ‘ ‘ ‘ ‘ independent of Vpp
05 1 15 25
(for Vgs = Vpp, Voo ZV) e Once Vj,approaches Vy

Vps = Vpp »Vp/2) R, increases dramatically

Vpp(V 1 1. 2 2.
o) > > R,, (for W/L = 1)
NMOS(kQ) 35 19 15 13 For larger devices
PMOS (k@) | 115 | 55 | 38 | 31 | divide R,, by WL




The Transistor as a Switch

= In digital VLSI, transistor is treated as a switch with infinite “off”
resistance, and a finite “on” resistance R,,,,.

= R,, is time varying, nonlinear and dependent on transistor operating
point. We can use the average value of resistances at the end points of
the transition.

* Req Is inversely proportional to (W/L) ratio of transistor. Doubling the
transistor width cuts the resistance in half. (IDSAT is linear to (W/L))

|
VGS > VT D 4 VGS =VDD

Rn - /o—/’

R ‘ ‘
l, 1 1 :VDS
Vpp/2 Vbbp
R :1( Voo 4 Vip 12 ]EQVDD( —é)\V ]
WD (LN TpsadLE NV 12)) 4l A7 67 P2

The Transistor as a Switch

* For Vpp>>V+Vpgar/2, R is virtually independent of Vi, On a minor
increase on R,, due to channel length modulation can be observed when
raising Vpp.

* Once Vpp— V5 R, increases dramatically.

(Ohm)

R

15 2 25
Voo )

MOS Capacitances
Dynamic Behavior

Capacitances of MOS Transistor

* MOS capacitances according to physical mechanisms
Overlap capacitances: Cyq,, Cyyp
Channel capacitances: Cy, Cyy Cyp
Diffusion capacitance: Cgyy Cpgire
» Lumped capacitance model of MOS transistor:
capacitances between terminals without considering
physical mechanisms ¢
CGS=Cgs+Cgso N
CGD=ng+ngo s Ij_

Ces=Cyp '
Css=Cosuirr
Cps=Chpuirr




MOS Intrinsic Capacitances

Q Structure capacitances
0 Channel capacitances

0 Depletion regions of the reverse-
biased pn-junctions of the drain and
source

MOS Structure Capacitances

lateral diffusion

Top view

Overlap capacitance (linear)

Csso = Cepo=Cox X, W=C, W

MOS Capacitances: Structure Capacitances

* MOS structure capacitance: -~
originate from MOS structure Polysiicon gate
1). Gate capacitance C,

Cy=CoxW:L, where C,,=E,/,,
Lateral diffusion: during to
fabrication, both source and drain
tends to extend somewhat below
the oxide by x.
Effective channel length:
L ~L-2x,
Gate capacitance considering x,:
Cg=CoxW'Leff
2).Overlap capacitance: Cygo, Cyyo

_ _ Y. (b) Cross-section
Cgso_ngo_Cox Xq w

Gate oxide

MOS Channel Capacitances

0 The gate-to-channel capacitance depends upon
the operating region and the terminal voltages

Css = Cqcs + Caso G Cep = Casep + Copo

nchannel. €8 = Cacs \ depletion.
ST oposubstrate - region -




Review: Summary of MOS Operating Regions

o Cutoff (really subthreshold) Vgg < V7
= Exponential in Vg with linear V5 dependence
Ip =g e @Wes™kD) (1 - e -@pskD ) (1 -4 Vpg) where n>1
a Strong Inversion Vgg > V4
= Linear (Resistive) Vpg <Vpgar = Vgs- V7
Ip = K" WIL [(Vgs — V1)Vps — Vps?/2] (1+AVps) 1(Vps)
= Saturated (Constant Current) Vpg > Vpgar = Vgs- V7
losat = K" WIL [(Vgs = V1)Vosar — Vosar?/2] (1+AVps) 1(Vpsar)

VioV) | vV | Vosar(V) | K(ANVZ) | MVT)
NMOS [ 0.43 0.4 0.63 115x 106 | 0.06
PMOS 0.4 -0.4 -1 -30x 106 | -0.1

Channel Capacitance

*  MOS channel capacitances: originate from channel charge

*  MOS gate-to-channel capacitances: Cy,, Cyq, Cyy

» Distribution of gate capacitance among channel
capacitances depends on operating conditions.

G G G

s T e s =" s = T

Cut-off Resistive Saturation
MOS gate-to-channel capacitances in different operation regions
Operation Region Cop Cos Cod
Cutoff S 0 0
Triode 0 CoxVLog! 2 CoaWLlog! 2
Saturation 0 (213)C, W lm 0

Average Distribution of Channel Capacitance

Operation | Cgep Cqcs Cecp Cqc Cq
Region
Cutoff C WL 0 0 C WL Co WL +
2C.W
Resistive 0 CoWL/2 | C,WL/2 CoWL Co WL +
2C W
Saturation 0 (2/3)C,, WL 0 (2/3)C WL | (2/3)C, WL +
o]

e Channel capacitance components are nonlinear and
vary with operating voltage

e Most important regions are cutoff and saturation
since that is where the device spends most of its time

MOS Diffusion Capacitances

a The junction (or diffusion) capacitance is from the
reverse-biased source-body and drain-body pn-junctions.

\ depletion

n-channel .
i - .psubstrate - - region - -

Css = Csairr Cps = Cpuitr




Review: Reverse Bias Diode

a All diodes in MOS digital circuits are reverse
biased; the dynamic response of the diode
is determined by depletion-region charge or
junction capacitance b

C; = Cp/((1 = Vp)d)™
where C;, is the capacitance under zero-bias conditions (a

function of physical parameters), ¢, is the built-in potential
(a function of physical parameters and temperature)

and m is the grading coefficient

= m = Y2 for an abrupt junction (transition from n to p-
material is instantaneous)

= m = 1/3 for a linear (or graded) junction (transition is
gradual)

a Nonlinear dependence (that decreases with increasing
reverse bias)

Reverse-Bias Diode Junction Capacitance
2

15 - abrupt (m=1/2)

C; (fF)

0.5 1

Linearizing the Junction Capacitance

Replace non-linear capacitance by
large-signal equivalent linear capacitance
which displaces equal charge
over voltage swing of interest

L 80, Q) O _
e AT/D thgh_r/iow e

) o
“ (Vhrgh_Viow)(l_m)

K [(¢'07thgh)limi(d)Oincw)lim]

Source Junction View

channel-stop
implant (N ,+) \

source
bottom plate

(Np)

ju,ZjCet;)OtZ X I ™~ channel

side walls Substrate (N,)

Ls

Cair = Cop *+ Cow= C;AREA + C,q, PERIMETER

jsw
=CiLsW+ Cyy (2Ls+ W)




MOS Capacitances: Junction/Diffusion Capacitances

*  MOS junction/diffusion capacitances (Cgyy, Cpyi): Originate
from depletion regions of reversed-biased pn-junctions of
drain and source

Csyi for source-bulk pn-junction .
Cpis for drain-bulk pn-junction
« Let’s define '
C;: junction capacitance per unit area
Cisw sidewall junction capacitance per unit area

X;: junction depth.

W: channel width

Lg: source length

Lp: drain length

MOS Capacitances: Junction/Diffusion Capacitances
*  For Cgyp
1). Bottom plate junction: Cg poyom=C;WLg
2). Side-wall junctions (3 sidewalls): CS sw=Cjow X{(W+2Ls)
‘TOtal CSdIff_ CS bottom+CS sw_C WLS sw(W+2LS)
*  Total Cpyy=C/LpW+Ci,(W+2L )

Channelstop  implant
Ng+

Ly Substrate Ny

Cdtﬂ' Chottom T Caw = L,Jlx AREA + {':.ww ®* PERIMETER

oL .W+C‘Jsv(21 )

MOS Capacitance Model

Css = Cges + Caso G Csp = Csep + Copo

Cosl 1ce,
o1 TT_T1.,
1 L L
CSB—I_ Cos TCDB

Csg = Coyirr B Cps = Cpuitr

Transistor Capacitance Values for 0.25u
Example: Foran NMOS with L = 0.24 ym, W = 0.36 um,
L,=Ls=0.625um
Css0=Capo=Couxy W=C,W=0.11 fF
Cec = C,, WL =0.52 fF
S0 Cgate_cap =C WL +2C,W=0.74 fF

C, =C-LSW=045fF
Caw = Cigy (2Ls + W) = 0.45 fF
SO Cdiffusion_cap =0.90 fF
ox Co G m | & | G Misw | Posw

C ] ] Jsw Jsw
(fFlum?) | (fF/um) | (fF/um?) V) | (fF/um) )
NMOS 6 0.31 2 05|09 028 | 044 | 0.9
PMOS 6 027 | 19 |048|09| 0.22 |0.32| 0.9




Gate Capacitance

WLC,, WLC,, | Cec
2WLC,,
Cocs = 3
WLC,, | WLCo,
2 2 Cocp
! Vs 0 Vs (Vg Vo) 1
Capacitance as a function of VGS Capacitance as a function of the
(with VDS =0) degree of saturation

Measuring the Gate Cap

3 10218

Gate Capacitance (F)

I A N S
2215212050 05 1 15 2

Vs (V)

Other (Submicon) MOS Transistor Concerns
a Velocity saturation
0 Subthreshold conduction
» Transistor is already partially conducting for voltages
below V;
a Threshold variations
* In long-channel devices, the threshold is a function
of the length (for low Vg)

» In short-channel devices, there is a drain-induced
threshold barrier lowering at the upperGend of the
Vpg range (for low L) 1

Q Parasitic resistances s /W~ LAMW— b

. . . R. R,
= resistances associated with the ° °
source and drain contacts

Q Latch-up _

Threshold Variations

= For short-channel transistors:
v The depletion regions of source and reverse-biased drain junction,
previously was ignored in long-channel device. But for short-channel
device, they become relatively more important with shrinking channel
length. Since a part of the region below gate is already depleted, a
smaller VT suffices to cause strong inversion. Thus, VTO decreased with
L for short-channel device.
v' Raising drain-source (bulk) voltage also increases the width of drain-
junction depletion region, hence VTO decreases with increasing VDS:
drain-induced barrier lowering (DIBL).

Vr vy

Long-channel threshold Low VDSthreshold

/ \

> >

L
Threshold as a function of Drain-induced barrier Iowgﬁhg

. the Ie_nﬁth ifir low Vps) (for low L) :




Subthreshold Conductance

102

e Transition from ON to
Linear region OFF is gradual (decays
Quadratic region exponentially)
e Current roll-off (slope
3 ! factor) is also affected by
s Siub threshold increase in temperature

e)f(ponential
region S =n (kT/) In (10)
! (typical values 60 to 100

Vf mV/decade)

o020 e Has repercussions in
Ves (V) dynamic circuits and for

Ip~ lg € @ed™D) where n>1 power consumption

Sub-Threshold Conduction

10° ' - - ; The Slope Factor

Linear AVss C

4l ] ~ KT — D
10 Ip~1,e™, n_1+C—
0oX

10° Quadratic 1

< Sis AV for I, /I, =10
10°
k
40| / Exponential S = n{—]In(10)
10 q
16 Vo . ) ) Typical values for S:
0 0.5 1 1.5 2 25 60 .. 100 mV /decade

Subthreshold |, vs Vg

Ip = Ig & @Ved™T) (1 - @ ~@VoskD)(1 + AV )

ubthreshold MOS Characteristics - EEL4L 0.25u process
o

5
bate/Time run: 01/31/02 09:33:5! Temperature: 27.0

fsf”
1.
/ g

100pE- /

A Vslfrom|0[to|0.6V]
100L

i 0.2V 0.4V 0.6V 0.8V 1.0

1bima)
i
Date: January 31, 2002 Paga 1 Tima: 09:36:114

Subthreshold I vs Vg
Ip = Is € @as/™T) (1 - e~(@VoskD)(1 + V)

Subthreshold MO Characteristics - EEL4L 0.25u process

Date/Time run: OL/30/02 16:26:16 Temperature: 27.0

(A1 nmosWIbsimd_0Z5uldvds.dat (active)
15¢
L]
\ £ P! . Ay
Vas from 0 to 0.3V
L1
]
1
L—"]
] le—T""|
I —
—
'_AE"‘—!
—
i L
,’ L L1
——— | |
}' [ P B —
// 1| L [ et
. el
/ 0.5 1.0y 1.5v 2.0
IDim2}
i




Summary of MOSFET Operating
Regions

Q Strong Inversion Vg >V
®» Linear (Resistive) Vs <Vpgar
» Saturated (Constant Current) Vs > Vpgar

0 Weak Inversion (Sub-Threshold) V5 <V
» Exponential in V;gwith linear V5 dependence

Parasitic Resistances

Polysilicon gate

Drain
contact
G Lp
»
Vas,eff [ 1
M 2
S~ TP E
Re Ro Al
Drain

Latch-Up

Latch-up is a very real, very important factor in circuit design that
must be accounted for
Due to (relatively) large current in substrate or n-well
- create voltage drops across the resistive substrate/well
+ most common during large power/ground current spikes
- turns on parasitic BIT devices, effectively shorting power & ground
+ often results in device failure with fused-open wire bonds or interconnects
- hot carrier effects can also result in latch-up
+ latch-up very important for short channel devices
Avoid latch-up by
- including as many substrate/well contacts as possible
+ rule of thumb: one "plug” each time a tx connects to the power rail
- limiting the maximum supply current on the chip

Vop =33V Vop =09V

Fn R
Qz Q
ov 33V 0.7V 02V
Vou: 0] Q @
A, R,
R G

¥~ Substrate

SPICE MODELS

Level 1: Long Channel Equations - Very Simple

Level 2: Physical Model - Includes Velocity
Saturation and Threshold Variations

Level 3: Semi-Emperical - Based on curve fitting
to measured devices

Level 4 (BSIM): Emperical - Simple and Popular




MAIN MOS SPICE PARAMETERS SPICE Parameters for Parasitics

SPICE . Default
S el | Name | TP | Vb SPICE Default
SPICE Model Index LEVEL - 1 Parameter Name Symbeol Name Units YValue
Zexo-Bias Threshold Voliage VIO VIO v Sourre Tesistance z RS o 0
Process Transconductance K KP AVE 2.E-5 5
Body-Bias Parameter < CAMMA Vo3 ] Drain resistance Rp RD 2 0
Channel Modulation 1 LAMBDA w ] Sheet resistance (Source/Drain) R, RSH (91 0
Oxdde Thickness tox ToxX m LOET Zero Rias Bulk Junction Cap Cia cJ F/m? ]
Lateral Diffusi xd LD [
"e o ik Bulk Junction Grading Coeff. m MJ - 05
Metallurgical Junction Depth x§ XJ m 0
P — 2w | em - Py Zero Bias Side Wall Junction Cap €.y | CISW | Fim 0
Yubstirate Doping NAND NSUB cm-3 L Side Wall Grading Coeff. nm, MJISW - 0.3
Surface State Dencity Qsla NS em3 hd Gate-Bulk Overlap Capacitance Cpo | CGBO | Fim 0
Fasi $urface Stae Density NFS§ cmd [
- Gate-Source Overlap Capacitance C..o CGSO Fm 0
Total Channel Charge Coefficient NEFF - 1 zs
Type of Gate Material PG - 1 Gate-Drain Overlap Capacitance Crio CGDO Fim 0
Surface Mohiliyy m0 ue em2/V-sec 500 Bulk Junction Leakage Current Ig IS A 0
Maxirmm Drift Veloetty mex | VMAX i ' Bulk Junction Leakage Current i Js Am? | 1ES
Mohility Critical Field xerit UCRIT Viem LOE4 Density
Critical Field Fxponent in Mohility Degradation UEXP - [} N N
. P s - , Bulk Junction Potential o PB v 038
2nd Devi iqi ircuits2nd

SPICE Transistors Parameters

Parameter Name Symbol | SPICE Name | Units I{;:;l:it
Drawn Length L L m -
Effective Width w W m -
Source Area AREA AS m? 0
Drain Area AREA AD m2 0
Source Perimeter PERIM S m 0
Drain Perimeter PERIM PD m 0
Squares of Source Diffusion NRS - 1
Squares of Drain Diffusion NED - 1

2nd Devi




