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Slides contain original artwork (© Jacob 2004) as well as material taken liberally
from Irwin & Vijay’s CSE477 slides (PSU), Schmit & Strojwas’s 18-322 slides
(CMU), Wolf’s slides for Modern VLSI Design, and/or Rabaey’s slides (UCB).
Device physics: http://hyperphysics.phy-astr.gsu.edu/hbase/solids/sselcn.html
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Overview

Electr ons & holes, bands & band gaps,
Insulator s, conductor s, semiconductor s

Silicon cr ystal lattice & doping

P/N junction & parasitic capacitance
n-type/n-c hannel MOSFET

Timing anal ysis of MOSFET , capacitance
Body effect, series-connected FETSs

CMOS inverter: timing, switc hing
threshold, transistor sizing

Dynamic beha vior (pre view)
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What Is Conductivity?

Perspective fr om Band Theory of Solids:

Large band gap (not “Gap Band”) between
valence and conduction bands in insulator

‘ material sug gests that, at ordinary
temperatures, no electr ons can reac h
Energy of electr ons conduction band (i.e . material w on’t conduct)

In semiconductor s, the band gap is small

- enough that thermal ener gy can bridg e gap for
Conduction Band small fraction of electr ons.

N In conductor s, there is no band gap
(conduction and v alence bands o verlap).

INSULATOR SEMICONDUCTOR CONDUCTOR

Fermi level

Fermi level

Conduction Band
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Silicon, Specifi cally

N

-
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14 protons in n ucleus
4 valence electr ons
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Silicon, Specifi cally
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Shared electr ons ’ \
of co valent bonds Q @ ®
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Silicon, Specifi cally

Silicon Lattice (ar tistic license e xploited)
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Silicon, Specifi cally

Silicon Lattice — It Is a semiconductor
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Silicon, Specifi cally

Semiconductor current:

electr on/hole fl ow
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SLIDE 9 Energy of electr ons
0K 300K
(no electr ons in conduction band)
i .
[
Conduction Band Free Conducti afd A
+ electr ons
Fermilevel _ _ _ _. 1.09 eV l '

e  Conductivity is non-z ero; mobile electr ons/holes in
conduction/v alence band; can be increased w/ doping

UNIVERSITY OF MARYLAND
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Silicon, Specifi cally

Doping: small % of f oreign atoms in lattice

7 -.\\ /.——\\\
/ N 7 N
\ /7 \
[ \ / \
/ ! ! \
| ‘ ! |
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/ \
\‘ y, \ //
s
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Breaks up reqgular lattice , produces
dramatic ¢ hanges in electrical pr operties

« Donor s: pentavalent impurities (5 v alence electr ons)
produce n-type semiconductor s by adding electr ons.
E.g. antimon y, arsenic, phosphorus

. . triv alent impurities (3 v alence electr ons)
produce semiconductor s by adding electr on
deficiencies (“holes”™). E.qg.
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P-Type Semiconductor

P "' ~ ~
// N
, \
| ‘' Acceptor impurity
® @ /‘ creates a hole
\\ ,
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\ /I Extra hole energy levels
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Valence Band

Addition of acceptor impurities contributes hole energy levels low in the semiconductor band
gap so that electrons can be easily excited from the valence band into these levels, leaving
mobile holes in the valence band. This shifts the effective Fermi level to a point about halfway
between the acceptor levels and the valence band. Electrons can be elevated from the
valence band to the holes in the band gap with the energy provided by an applied voltage.
Since electrons can be exchanged between the holes, the holes are said to be mobile. Holes
are said to be the “majority carriers” for current flow in a p-type semiconductor.
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N-Type Semiconductor

/"'\\

//cre tes free electr on
- "' ~
N
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N A . 7N e
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- A - o~
/ \
\ -
” . o Conduction Band
| & aeam—m—m———————=
\ / 00000000000
\ N / Extra electron energy levels

Ve
\\-"/ _

Addition of donor impurities contributes electron energy levels high in the semiconductor band
gap so that electrons can be easily excited into the conduction band. This shifts the Fermi
level to a point about halfway between the donor levels and the conduction band. Electrons
can be elevated to the conduction band with the energy provided by an applied voltage and
move through the material. Electrons are said to be the “majority carriers” for current flow in an
n-type semiconductor.
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Extra hole energy levels

00000000000

Valence Band

P-type N-type

 P-type: Conduction band is pulled do wn close to the
valence band b y the creation of a vailable holes (willing
acceptor s of free electr ons)

« N-type: Valence band is pushed up ¢ lose to the
conduction band b y the ad dition of mobile electr ons

O

UNIVERSITY OF MARYLAND
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Extra hole energy levels . . ‘ . ‘ . . . . . ‘

O O O O O O O O O O O Extra electron energy levels

P-type N-type

« P-type: extra holes in band gap allo w excitation of
valence-band electr ons, leaving mobile holes in
valence band

« N-type: electr on ener gy le vels near the top of the band
gap allo w easy e xcitation of electr ons into conduction

O band

UNIVERSITY OF MARYLAND
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Extra hole energy levels

OOOOOOOOOOO

Conduction Band

Extra electron energy levels

Valence Band

Diode

P-type
silicon
O p-n junction

UNIVERSITY OF MARYLAND
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If not touc hing, nothing happens

¢
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The P/N Junction

DEPLETION REGION

O

With a connection, electrons fr om n-region
In conduction band diffuse acr 0ss junction
and combine with holes in p-region

(why doesn’t this contin ue indefi nitel y?)
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The P/N Junction

DEPLETION REGION

Negative Positive
lon ion
(@)
0 ® 3%y ©
o © o %0
O © O
°© 03
— O N
°o 20 00 o
o) Oo Gﬁ
£ = o° 0O
e '
°° depletion region electron

lons are f ormed

on both sides of junction

(negative ion fr om filled hole; positive ion

from remo ved e

lectr on). This forms a space

charge that impedes fur ther electr on fl ow.
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The P/N Junction

DEPLETION REGION

Parasitic capacitance: Built-in junction potential:
C. - Cjo 0, = (PTDnd\IANDD
Vi ° Jon2 U
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The P/N Junction

BIAS EFFECT on DEPLETION REGION

Equilibrium

depletion region

Conduction Band

Extra hole energy levels

00000000000 Conduction Band

00000000000
Valence Band Extra electron energy levels

« Upward = increased electr on ener gy (must suppl y
energy to make electr on go up or hole to go do wn)

e  Drift-diffusion equilibrium (current Is flowing)
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Forward Bias <=

SLIDE 21

depletion region still e  xists

Conduction Band

Conduction Band

Extra hole energy levels L D D e e e e e e e e e e - - = -

00000000000 00000000000

_________________ Extra electron energy levels

Valence Band

P-side is made more positive relative to N-side, making it “downhill” to move an electron
across the junction. Electron on N-side can fill a vacancy (“hole”) on P-side & move from
hole to hole to the left to positive terminal (hole “moves” right).

UNIVERSITY OF MARYLAND




ENEE 359a
Lecture/s 3-5

et & The P/N Junction

Bruce Jacob

BIAS EFFECT on DEPLETION REGION

University of
Maryland
ECE Depit.

Reverse Bias __

SLIDE 22

\ depletion region increases insiz e
until ne w potential = applied bias

Conduction Band

Extra hole energy levels

00000000000

Valence Band

Conduction Band

P-side is made more negativerelative Y\ 'O o & m - - = —m —m = — = — — — =
to N-side, making it “uphill” to move an

electron across the junction. Applied . 0000000000
voltage impedes the flow of N-region
electrons across the p/n junction. Initial
transient electron flow is left to right; it
stops when potential (widening depletion
region) equals the applied voltage.

Extra electron energy levels

UNIVERSITY OF MARYLAND
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MOS Transistor s

MOS Transistor , reverse-biased:

PN
Junction

.|.

(o)

N-Doped
Region
[mobile electr ons]

y 4

Y

\\K 7‘ P-Doped
/[

Region

' n

[mobile holes]

p-doped semiconductor substrate

o |
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MOS Transistor s

MOS Transistor , reverse-biased:

VDD VDD
o
P-Doped N-Dgped
Region [Félialc())rnslectr DNS]
[acceptorh-le\s‘] ] / P\
| 7

, L

/|
7

/T T

p-doped semiconductor substrate
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MOS Transistor s

MOS Transistor , reverse-biased:

VDD

(o)

Insulator
(gate oxide)

VDD
o

/

y 4

4~

/|
7

o

/o

p-doped semiconductor substrate
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MOS Transistor s

NMOS Transistor with gate:
0

o
+
(o)

o +

Conductor

Insulator
(gate oxide)

v 4 y 4

o —

L /o

p-doped semiconductor substrate

0O
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MOS Transistor s

NMOS Transistor with bias v oltages:
0

o

0
o

o +

Conductor

Insulator
(gate oxide)

v 4 y 4

o —

o |/n —

p-doped semiconductor substrate

0O
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Gate
(conductor)
Insulator
(gate oxide)

v 4 y 4

/7

o v 4

ey —~

CURRENT

0O

O p-doped semiconductor substrate
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MOS Transistor s

NMOS Transistor , two vie ws:

TOP
VIEW

FOX Gate oxide

SIDE :
VIEW p-doped semiconductor substrate

FOX
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MOS Transistor s

NMOS Transistor with bias v oltages:

Gate
Source Drain
o
VSS
n channel n
p-doped semiconductor substrate
Gate Gate
Source Drain Source Drain
0 0 0 0 V>0 0
0 ~ V>0 0 v=y V>0

4/0- — Q> Qe

Electr on Flow
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MOS Transistor s

PMOS Transistor with bias v oltages:

Gate
Drain Source
o
VDD
p channel p
n-doped semiconductor substrate
Gate Gate
Drain Source Drain Source
o o o o
<
0 VDD V>0 0 V<VDD {5

4/0- — Q> Qe

Electr on Flow
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MOS Transistor s

MOS Transistor s:

Gate

Source Drain
(-]

Gate
Source Drain

n channel n

p-doped semiconductor substrate

n-doped semiconductor substrate

p channel p

NMOS

Gate

Substrate

PMOS

Gate

Substrate
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Poly
Gate
oxide

Source & Drain

O Poly+silicide = “pol ycide gate” (lower R)

UNIVERSITY OF MARYLAND
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MOS Behavior

VSource

p (bulk) Depletion Regions

Vg =0V Vg = 0.5V Vp =0V

- » Charge Density
Gate
RS
Oxide
Substrate Depletion la yer
(p-type)

X (depth)
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MOS Beh

VSource

Channel

avior

. VGate VDrain
Free electr ons ¢

I AAAAAAAAAARAAN/
o000 %% %% %%  96%%%%% %%
0.0.‘

Depletion
Regions

p (bulk)

VS:OV

Inversion La yer
forms when

Vs >Vt

AssumeV 1 =0.75V
(threshold v oltage)

VG:].V VD:OV

-
Gate

D

Oxide

» Charge Density

RRIIIKKR,
RN

Inversion la yer

[T IR R TR
PLIIII N

Substrate kX
(p-type) 9

Depletion la yer

X (depth)
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Inversion La yer AssumeV 1 = 0.75V

p (bulk) Sﬁztsr{?f;(%c&;res (threshold v oltage)

Vg = OV Vg = 1V Vp = 0.001V

dielectric constant
electron mobility OX

lbs = Hni™ DTEFVGS —V1)Vps
OoX
oxide thickness
V(y) Vs — V()
I 1V A T
: 0.75V |- — — — — _:. -

. Y (channel) ! »Y (Channel)

True when Vgg>V1 & Vpg <<Vgg— V7t

UNIVERSITY OF MARYLAND
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MOS Behavior: ‘linear’ region

VSource

inversion La yer Assume V 1 = 0.75V
p (bulk) \G/Eztsr{;:Te;%c&res (threshold v oltage)
V=0V  Vg=1V Vp = 0.15V

dielectric constant

electron mobility 1
H et (Ves—V1)Vps—5Vbs

DS ~— MnT [ 5
t,, L 2
oxide thickness
V(y) Vs = V(y)

_ 1V 1
ogsv | T
075V | — — — _ 4

» Yy (channel) ! »V (channel)

True when Vgg >Vt & Vpg<Vgs—Vt
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MOS Behavior: saturation

VSource

Inversion La yer

“pinc hed off " when (threshold v oltage)

P (bulk) Vbs =Ves — V1
Vg =0V Vg =1V Vp = 0.25V
Cox WM 2
o5 = 5> A T Ves— V)
Ves = V()
_ 1v I
0.75V |- — — — = I -

» Y (channel) ! » Y (channel)

True when Vgg >Vt & Vpg=Vgs -Vt
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MOS Behavior: modulation

VSource

Inversion La yer
does not e xist here

p (bulk) Vps 2Ves — Vi
V=0V  Vg=1V Vp = 0.35V

10 € 2
5 'Pl(D‘A'/DE(VGS—VT) (1+AVps)

OoX *
length modulation factor
V(y) | Ves = V() k
effective ¢ hannel length decreases over this range, effective gate potential
_ 1v is not sufficient to create inversion layer
0.75V — 4 -
0.65V | — — — — -
p Y (channel) Yy (Channel)

True when Vgg >Vt & Vpg2Vgs -Vt
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Example of Drain Current

Values for g eneric 0.5 pum pr ocess:

£
k' (transconductance) =y, tox V1

n-type =73 pA/V? 0.7V

p-type k’p =21 IJ-A/VZ -0.8V

Assume WI/L = 3/2,Vgg = 2V, find I pg for
NMOS device at saturation point:

lps = %%IVTV%VGS_ VT)2

UWAT3 2 _
| o = 2%73 [E?g(zv—ow) = 93uA
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NMOS I-V Plot

2.9

1 15
VDS (V)

J\/As&z/Z.SVR\
Ves=2.0V | 8
)
\ 2
Ves =15V [ &
— S
S
Ves =10V | £
- —

4

2 25

NMOS transistor, 0.25um, L, = 0.25um, W/L = 1.5, V,, = 2.5V, V; = 0.4V
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PMOQOS I-V Plot

| All polarities of all voltages and currents are reversed

-2 Vs (V)

0
0

VGS = '2.5V

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

+-0.2

—-04

I (A)

—-06

+-0.8

+ -1 x 104

Note y-axis scale (because WI/L, =WI/L)
(drive current: ID when VGS = VDS = VDD)
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V) = (1—eVHV 1 =RC

RC time-constant : dictates ho w rapidl y the
output v oltage reacts to the v oltage rise on
iInput (step function).

Larger RC, slower response

O

UNIVERSITY OF MARYLAND
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Capacitances

VSour ce

VAV VLV
S
0. 9.9.9

v
0’0

Gate ifs
capacitor

I‘V

Depletion Regions are capacitor s

WLe,, AEg; | O

Chae = —7—— Csc= 7 Cuir =
gate tox tSi | Vth

Yes, there are other s ...

Result: parasitic capacitances hinder
switc hing speeds
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p (bulk/bod y)

« Suppose source and body are not in equilibrium:
reverse bias increases siz e of depletion region ar ound
that diode (and ¢ hang es its parasitic capacitance)

« Called “bod y effect” ... it chang es the threshold
voltage for that de vice

/20N
AV, = —SIA(«/CPS'FVSB_«/ES)

COX

But can it happen?

UNIVERSITY OF MARYLAND
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Body Effect

NAND gate
VDD
= output
A #
i o~ GNDeffective for #A
e g

 If #B propagates signal in non-z ero time , the eff ective
sour ce voltage for #A can go positive (higher than
ground)

 Perspective: Things star tto g et interesting
when y ou star t connecting these things tog ether ...
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: - for Gate P-regions and gate
sour ce, drain (poly) for PMOS de vice
iInput

GND VDD

N;MOS output

Cut line

O

UNIVERSITY OF MARYLAND
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CMOS Inverter Layout I

voD I m
T %’
ik tub ties\st _
T B . N vy out

{ \ -
GND ?‘.

Another vie w (note: wells/tubs not sho wn)
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Rp

4
S

o« (Gate response time is determined by the time to
charge C| through R, or disc harge C through R,
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CMOS Inverter: Transf er Plot

NMOS off
PMOS res
2.8 ® NMOS sat
PMOQOS res
2 i
< 15 NMMOS sat
D S— PMOS sat
3
> 1]
05 - NMOS res
' PMOS sat NMOSres
0 I I I I ’\ Q
0 05 1 15 2 2.5
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05~ NMOS res
PMOS off
0 05 1 15 2 2.5
Vin (V)
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Properties of CMOS

- Full rail-to-rail s wing -> high noise
margins

 Logic le vels not dependent upon the relative de  vice
sizes -> transistor s can be minim um siz e -> ratioless

« Always a path to Vdd or GND in stead y state -> lo w
output impedance (output resistance ink  Qrange) ->
large fan-out (albeit with degraded perf ormance)

 Extremely high input resistance (gate of MOS
transistor is near perf ect insulator) -> nearl y zero
stead y-state input current

- No direct path stead y-state between
power and gr ound -> no static po wer
dissipation

- Propagation dela y function of load
capacitance and resistance of
transistor s




ENEE 359a
Lecture/s 3-5

aaseost - Capacitive Load, etc.

Bruce Jacob >O

University of

Maryland
ECE Depit. | > o

SLIDE 54 >O
Fan-out
>o Fan-in

Fan-out : number of gates connected to the
output of the driving date

(Gates with lar ge fan-out are slo wer

Fan-in: the number of Iin uts to the gate

« (Gates with lar ge fan-in are big ger and slo wer

O

UNIVERSITY OF MARYLAND




ENEE 359a
Lecture/s 3-5

aaseose - Aside:ls capacitance all bad?

Bruce Jacob Slows do wn output ... Bigger capacitor,

University of more charge to

SLIDE 55

Maryland change voltage
ECE Dept. D— D— => SLOWER

... but stabiliz es power suppl y

—_ —  Bigger capacitor,
more charge to
change voltage

=> more stable
> > power-supply

voltage levels

can be a good thing (“b ypass caps”)

Q Capacitor s are de facto frequenc y filters ...
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Transistor Sizing |

The electrical ¢ haracteristics of transistor s
determine the s witc hing speed of a cir cuit

* Need to select the aspect ratios (W/L) , and (W/L), of
every FET in the cir cuit

Define Unit Transistor (R4, Cq)

e  L/Wyi,-> highest resistance
o R2:R1+2andC2:2°C1
o Separate nFET and pFET unit transistor s
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/1D
/1S

Really Long
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Wide MOSFET s

B poly Narrow s  Wide s
% . metal
. active G G
n-well
B via G D D
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Transistor Sizing |l

Resistance of MOSFET :

R = 1 L O
" U Cox(Vs— V) WU

 Increasing W decreases the resistance;
allows more current to fl ow

Oxide capacitance C,, = &,,/t., [F/cm?]

Gate capacitance C5; = C, WL [F]

Transconductance 3, = pncoxg%/g = k'ng%/%

(units [A/V 2))
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Transistor Sizing |l

NFET vs. pFET

1 _ VO
R c L
n Bn(VDD VTn) Bn p‘n 0X|:|L q]
_ 1 _ VO
R B u.C. ./
" Bp(Vop =V P TP,
&‘ = r Typicall y
up (2..3)

(1 1s the carrier mobility thr  ough de vice)
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Inverter Switc hing P oint

Where Vin = Vout

NMOS off
PMOS res
2.5 @ NMOS sat
PMOQOS res
2 i
< 15 NMOS sat
~ PMOS sat
3
> 1]
05 - NMOS res
' PMOS sat NMOSres
0 I I I ’\ Q
0 05 15 2 2.5
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Atall points | pg, = Ipgp (drain currents)

University of

Maryland
ECE Dept. At s witc hing point, Vin = Vout = Vsp
Bn 2 Bp 2
Br
5 V1n + (Vpp—Vip)
Vgp = —2L
SP

For Vsp = Vdd/2, assuming V1=V,

B = Bp =>W, =2-3W,
Q (equal drive currents , equal Reg: Ry = Rp)

NNNNNNNNNNNNNNNNNNNN
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metal2
VDD
pdiff —
— PMOS (4/.24 = 16/1)

— NMOS (2/.24 = 8/1)
metall-diff via —

L ndiff
GND ~—

— metal2-metall via

¢
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Polysilicon
NMOS
0.375/0.25

PMQOS devices 3x lar ger than NMOS de vices
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Delay Definitions

Vin >o— Vout

Vin _
A Propagation Dela y
tp = (tpHL * tpLH) /2
50%
| .
I 1 I :
Input | | | | I -
Waveform | I : : time
| |
t |
Vi | HL |
i)ut e | :
| L '
| |
I I I
AN
|
I 50%
| Signal slopes |
| |
| 0 |
Output ! /\ 10% ! -
| | | .
Waveform L \"J—»' time
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Inverter Switc hing Delay

Charging: Vout rising Disc harging: Vout falling

It (WIL), = r(WIL), then 35 = 13,
(and R = Rp)
... symmetric in verter

Make pFET big ger (wider) b y factor of r
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Inverter Switc hing Delay

VDD

Charging: Vout rising Disc harging: Vout falling

tpLH = |n(2) Rp CL = 0.69 Rp CL
tpHL = |n(2) RI’] CL = 0.69 Rn CL
tp — (tpHL + tpLH)/Z = 0.69 CL(Rn + Rp)/2

(note: the In(2)RC term comes fr om fi rst-or der anal ysis of simple
RC circuit’ s respose to step input ... time for output to reac h 50% value)




Inverter Pair

i

e
S
o s

125/0.25

PMOS

1

i

S
a0

o
T

e
e
e

i
i

G

.
o

S
e
c‘\.

S
=
-

o
i
1

i
=
2

i
=

58

i

T

o

e

it

o

Metall

Out

ilicon

Polys

e

o
o

NMOS

- -

S
e

25

.375/0

0

ENEE 359a
Lecture/s 3-5
Transistors &

CMOS Inverter

Bruce Jacob

iversity of
Maryland
ECE Depit.

un

SLIDE 68

UNIVERSITY OF MARYLAND



ENEE 359a
Lecture/s 3-5

Cmasstore & Inverter Pair

Bruce Jacob
‘ ‘ ‘ ‘ \ >c >0—Vout
University of

Maryland
ECE >ISept. V(iUt
SLIDE 69 2.5V ——
11/ 2 T
Vth s / 4

[/

vl N N

Output
Waveform

O

UNIVERSITY OF MARYLAND




ENEE 359a
Lecture/s 3-5
Transistors &

CMOS Inverter

Bruce Jacob

University of
Maryland
ECE Depit.

SLIDE 70

O

UNIVERSITY OF MARYLAND

Dynamic P ower Dissipation

| _ QCtot _ VDD D:tot
g T T
C,o V7
— _ “tot D
I:)avg VDD a avg T

Disc harging: Vout falling

D _ 2
- Ctot D‘/DD it CLK




