T T
! EN1600

Design and Implementation of
VLSI Systems
Fall 2016

Week #2, Lectures 2 & 3: The MOS Transistor: fabrication and layout
September 12, 14, 2016
Prof. R. Iris Bahar
Reading: Chapter 1, sections 1.3, 1.4, 1.5
Chapter 2, Chapter 3, sections 3.1, 3.2, 3.3

&
BROWN

© 2016 Rl Bahar
Portions of these slides taken from Professors

1. Rabaey, J. Irwin, V. Narayanan, and S. Reda

Course logistics

New TA office hours:
BERT 358 (85 Waterman)
B&H 191 (computer lab)

e Tuesdays, 2-4pm

e Fridays 10am-noon

Course webpage is up and running:
www.brown.edu/Departments/Engineering /Courses/engn1600

® Lab O (tutorial on Cadence and CCV) is now available
e Click on Assignments from the course webpage

® Lectures #1 is now available through the link on Lecture Notes

Cadence tool suite tutorial

® Marc will be giving a tutorial on Virtuoso and Spectre this
Wednesday, Sept. 14 from 7:00-8:00pm

® Meet in the Computer lab (room 191)

® You may find it helpful to bring your laptop

® Accounts have been set up on the CCV machines for
everyone registered for the course.

How is an integrated circuit made?
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Impact of doping on silicon resistivity

silicon
4.995x1022 atoms in cm3
Resistivity 3.2 x 105Qcm

% dope with boron
(or gallium)—

p-type

dope with
phosphorous
or arsenic —
n-type

by YAS 1)

1 atom in billion > 88.6 Qcm 1 atom in billion - 266.14 Qcm
1 atom in million > 0.114 Qcm 1 atom in million > 0.344 Qcm
1 atom in thousand - 0.00174 Qcm 1 atom in thousand > 0.00233 Qcm

= Electrons are more mobile/faster than holes
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A forward bias decreases the
potential drop across the
junction. As a result, the
maghnitude of the electric field
decreases and the width of the
depletion region narrows.

In reverse bias, the width of
the depletion region
increases. The diode acts as
a voltage-controlled capacitor.

'Diode Model

= VpléT _ ID
A Ip= 56 1) A
Vp - Vp Vpon =0.7V

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

® The voltage drop for a fully conducting diode is in the
range 0.6V <V, < 0.8V
® For a 1% order model, assume
* Diode is replaced by fixed voltage source when conducting

* Diode is replaced by an open circuit when non-conducting.

nMOS and pMOS transistors

/”r/a\«\

Each transistor consists of a stack of a conducting gate, an insulating
layer of silicon dioxide and a semiconductor substrate (body or bulk)

pMOS transistor

Source Gate Drain

nMOS transistor

Souce  Gate  Drain Polysilicon
Polysilicon
sio,

N\

L A~
50, g oise bulk Si
=0 =1

9 g g g=0

d d d AL J S —opo—d
OFF s

g —{E j« ; ON g=1

S S H] S—oVod

Body is typically grounded Body is typically at supply voltage
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nMOS transistor

9=0 g=1

Source  Gate Drain

d d
g A{E ?‘ OFF i ON n+

® g=0: gate is at low voltage (V <V, )
® p-type body is at low voltage
e source and drain junction diodes are OFF
e transistor is OFF (no current flows)

® g=1: gate is at a high voltage (V,, = V,)
® negative charge attracted to body
e inverts a channel under gate to n-type
e transistor is ON (current flows)

® transistor acts as resistor

Polysilicon
SiO,
d

]

s p bulk Si

&

pMOS ftransistor Souce  Gat
g

Polysilicon
g=0 S0,
5 —o—po— d
s —d
g=1 e
S—oVo-d o

n

Drain

bulk Si

® g=0: gate is at low voltage (V <Vp, = |V, |)
e positive charge attracted to body
e inverts channel under gate to p-type
e transistor is ON (current flows)
® g=1: gate is at a high voltage (V , > V5 = |V, |)
® n-type body is at high voltage
e Source and drain junctions are OFF

e transistor is OFF (no current flows)

Switch Model of NMOS Transistor

[ Ves| Gate

Source m Drain

(of carriers) Body (of carriers)
(connect to GND)

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

[Ves| <Vl [Ves| > | Ve

Switch Model of I;/YIOS Transistor
[ Ves| ae
e
Source 'J_I—L- Drain

(of carriers) Body (of carriers)

/ (connect to Vdd) \

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

[Ves|< |Vl [ Vas| > [Vql
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Terminal Voltages

VQ
® Mode of operation depends on V , Vy, V, VQ:J_\/Q[‘
® Vg =V V, - -
“ V=V, -V, v;’?‘-vd
.vdS:Vd_VSZVgs_ng ds

® Source and drain are symmetric diffusion terminals
® By convention, source is terminal at lower voltage for nMOS
e Hence V,, 20
® nMOS body is grounded. First assume source is O too.
® Three regions of operation
e Cutoff
e Linear

e Saturation

nMO/é rrlinear

® Channel forms

® Current flows from d to s

elelelelele @
e e fromstod @@@@@?@%?e@@@@@
p-type body

® |, increases with V 4&)

® Similar to linear resistor

s
POODDD & 0V, <V Y,
CEEEICERICICICICICICIS
p-type body
b

nM O/S VVC vtoff

® No channel

0|dS:O

@eeee@@@@@@eee@

D PODDDP D

@@@@@@@@@@@@@@@@
p-type body

J:

nMOS saturation

® Channel pinches off
® |, independent of V
® We say current saturates

® Similar to current source V, >v

p-type body
b
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nMOS + pMOS = inverter

VDD
a a a a
: ok o ‘i. 1 13 ] ? ? g 1
A Y A -I>O_ Y o1, [ i ai—[_J-e2 u{::hn nﬂn 1Pio 1;_§|
g2, ok 1 o) B T |36 i g
b b b b b » ] 2
(@) OFF OFF OFF ON fch OFF oN oN ON
GND
a 8 b 1 8 a a a a a
% [ 2 X { 1 1 iy
(a) (b) g4 = S 'y 9‘-4[’:1]’-92 n;;n oé j" |j<;o 1
i IR G | Lo s ey
b B b B (d) ON oM ON OFF
(b) ON  OFF OFF OFF

pMOS + nMOS = CMOS

g

More CMOS gate:
alls

4 T 1) o

What is this gate function?
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e

Th N/OR gate
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From Smithsonian, 2000

Wafer preparation

Walkr Slicing ( ﬁ

/f;,rA\

Polyelicon smuwml'
rucible e
Crystal Grovah E i
Heater

ingle Crystal Inget _’

g

Polishong

Fulshrg table

Wafer Inspection =

e

Define active areas
Etch and fill trenches

Implant well regions

Deposit and pattern

polysilicon layer

Implant source and drain
regions and substrate contacts

Create contact and via windows
Deposit and pattern metal layers

CMOS process at

T

a Qi&hce

0 One full photolithography
sequence per layer
(mask)

a Built (roughly) from the
bottom up

5 metal 2

4 metal 1

2 polysilicon

3 source and drain diffusions
1

Ok bd -

o

7.

UV light

Oxidation
Photoresist (PR) coating
Stepper exposure Si

(0)
Photoresist development and bake z
Acid etching
1. Unexposed (negative PR)

2. Exposed (positive PR)
Spin, rinse, and dry
Processing step

1. lon implantation

2. Plasma etching

3. Metal deposition
Photoresist removal (ashing)
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Patterning of SiO; 1 v 14y aeoomom

Hardened resist
" Sin
Si-substrate

Si-substrate

Silicon base material
4. After development and

Ph i etching of resist, chemical or

Sio, plasma etch of SiO,

Si-substrate

1&2. After oxidation and

Hardened resist
Si0,
photoresist Si-substrate

deposition of negative

UV-light

Patterned
E=———0="—" optical mask

5. After etching

<
«—
-«
«—
«—
a—

— 4-Exposed resist Sio,

Si-substrate
Si-substrate

8. Final result after

3. Stepper exposure removal of resist

1. Area to be doped is
exposed
(photolithography)

2. Diffusion
or

lon implantation

Deposition and etching (step 7)
1. Pattern masking
(photolithography)

Diffusion and ion implantation (step 7)

A i

Ay A/

\

2. Deposit material over
entire wafer
CVD (SizN,)
chemical deposition
(polysilicon)
sputtering (Al)

3. Etch away unwanted
material

wet etching
dry (plasma) etching

Self-aligned gates
1. Create thin oxide in the
“active” regions, thick
elsewhere

2. Deposit polysilicon

3. Etch thin oxide from active
region (poly acts as a
mask for the diffusion)

4. Implant dopant
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Simplified CMOS inverter process N-well mask
cut line /\ | E
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Active mask Poly mask
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N+ select mask P+ select mask
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T
Final product: CMOS inverter

SBHEEE |

cut line

n well

ﬂ

} /——/’r T ——— o

CMOS process layers
Layer Color Representation
N Well Green
P Well Orange
Active Area (p+) Green T
Active Area (n+) Orange
Polysilicon Red I
Metal1 Blue
Metal2 Magenta
Contact White PR
Via Transparent —

- CMOS Inverter:

A First Look

| B | BEER oo
Voo PMOS EE N |
| B |
2
H
v v Out
in out <+—— Metalt
| | |
[ |
NMOS | |
GND
| |

Design rules

® Guidelines for constructing process masks
® Minimum width
® Minimum spacing constraints
® Requirement on same or different layers
® Unit dimension: Minimum line width and minimum spacing
constraints
e scalable design rules: A parameter
e absolute dimensions: micron rules
® Three parts to design rules:
e Set of layers
e Intra-layer: Relations between objects on same layer

e Inter-layer: Relation between objects on different layers

9/13/2016
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Lambda rules

® Feature size: minimum distance between source and drain
of transistor
® Feature size = 2\ (@ 90nm feature size A=45)

N ;
| e
p-iype Bady

Si0, Gate Oxide
(Good insulator, ¢_,= 3.9¢,)

IR Transistor dimensions

B
Design rules and gate layout

Metal1 Metal2 Diffusion  Polysilicon
7 aafan] '\\\Qjm an) arlaik N _
| e e --— 2.-.
['/_s_p/alcing width{ \\\, \\ N § \
NN ==
A NN N
4 4 NN N § N
o N N N N
20 N N N N
2 U N N SN
B, IR LTS
I
= b ®’/x X
Metal1l-  Metall- Metal1- 33
Diffusion Polysilicon Metal2
Contact  Contact Vias

[FIG 1.39) Simplified A-based design rules
* Lambda rules are conservative

WB;'/I;ave design rules?

® To be able to tolerate some
level of fabrication errors

such as: ;Hr ‘

* Mask misalignment ;HT
® Dust

® Process parameters
(e.g., lateral diffusion)

® Rough surfaces

lnf;}-layer design rule origins

® Transistor formed by overlap of active and poly layers

Transistor Catastrophic
+ —> orror

Unrelated Poly & Diffusion

Thinner diffusion,
I but still working

9/13/2016
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Inter-layer design rule origins (cont.) Poly Rules
AL - | Poly.1 and Poly.3 are examples of
M1 contact to p-diffusion Foura 421 M s o sy 0 Inter-layer design rules
® Contact and via rules M1 contact to n-diffusion \ ontact Mask :’:: “__:::::::"_ Poly.2 and Poly.4-6 are examples of

M1 contact to poly Intra-layer design rules

One metal layer to another Via Masks

mask misaligned

. 03
bothmaterials | 73 ¢ontact: 0.44 x 0.44 j

j —>
0.14

Implant Rules

Description

WMPLANT.1 [TDem o

WIPLANT 2 (59 oen phraren soucang of nersiad gt 1o cortact
IMPLANT. 34 [43 m Mrarmum wicthy spacieg of rmlant pimpiact
[NPLANT.5 rons | pimpiant nd pimpant mst ot overap

j Rule ‘\Inlua ‘ Description

MWELL ‘nona .‘aavsbaﬂvsﬂ: vollpwollmus ot ovrap

WELL2 225 | Miium spacing of ol el diforontpoentel
WELL.G ‘1 k1] nmi‘Mlnkmum spacing of nwall/pwoll at the same pulunllnﬁ
WELL4 200 v Wi i ool ‘
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Contact Rules

Rule | Vilat Descrigtion

[AGTIVE. 1 90 rem [Masimum wicth of scsve

[ACTIVE 280 e [Mirsrrn scacing of nctve

(ACTAVE D 55 actren
(ACTIVE.4 [none {aarmsDarivin ictiv most b irsice el of fwid

Rule  |Velue Deseription

CONTACT * 65 nm Minimum victn of contect

(CONTACT 2|75 nm Minimum spacrg of contact

CONTACT 3|none  [saveDerved cntact must e insice actve or polyor meralt

CONTACT 415 n | Minimum enclosure of acive around corfect

| CONTACT 5{5nm |Vinimum encosure cf poly round conac:

CONTACT 635 nm |Vinimum spacing of contact and gate:

CONTACT.7 |92 nm Viimum spacng of contact and poly
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