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Photolithographic Process
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Substrate covered with silicon
dioxide barrier layer

Positive photoresist applied to
wafer surface

Mask 1n close proximity to
surface

Substrate following resist
exposure and development

Substrate after etching of oxide
layer

Oxide barrier on surface after
resist removal

View of substrate with silicon
dioxide pattern on the surface
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VOLUME V.

Photolithographic Process

\ Clean wafers |

Deposit barrier layer
$i0,, SizNy, metal

(oo g « Each mask step requires many
] individual process steps

[ Align masks |

] * Number of masks 1s a common
measure of overall process
complexity

\ Develop photoresist |

\ Hard bake |

Etch windows in
barrier layer

Remove photoresist
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Photomasks
CAD Layout
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u e Composite drawing of the masks
?% F for a simple integrated circuit
using a four-mask process

[ Eaans Baaasd |

Lo
[ ¥
cmomil-
—
-—
-

—

i

= _
o1 T A

i

]

L
= =l

Ba te e Umae !
L

&

| =

AT

I
‘

i
H

AI}

__-_-_-—'-_?_.T_-—-_T'FH
El llil
=] it

visetente e e e
r'—Tr'—T-'—'-"-"—T-'—'—E_'_:'}'—'--—-—-—-
—

—
2R A
==
==
e i
§ i

|

i

—
S '

l:_-

s B s Moy

-1

—

« Drawn with computer layout
system
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 Complex state-of-the-art CMOS
| processes may use 25 masks or
(@) more
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Photo Masks
10X Reticle

» Example of 10X reticle for the metal
mask - this particular mask is ten
times final size (10 um minimum
feature size - huge!)

« Used in step-and-repeat operation

2 cm
- O k fi h lith hy level
ne mask 101 €acn lithograpny 1eve
¥
®
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Photomasks
Final Mask

10 cm
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Mask after reduction and
“step-and-repeat”
operation

Final size emulsion mask
with 400 copies of the
metal level for the
integrated circuit

For the exclusive use of adopters of the book
Introduction to Microelectronic Fabrication, Second
Edition by Richard C. Jaeger. ISBN0-201-44494-1.



ITRS Lithography Projections

VOLUME V.
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Modular Series on Solid Seate Devices
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Table 2.5 -- ITRS Lithography Projections

E-beam projection
Proximity x-ray

lon Projection

E-beam direct write
EUV
lon Projection

Proximity x-ray

E-beam direct write

lon Projection

Year 2001 2003 2005 2008 2011 2014
Dense Line Half Pitch (nm) 150 120 100 70 50 35
Worst Case Alignment Tolerance 52 42 35 25 20 15
Mean+ 3o (nm)
Minimum Feature Size F (nm) 100 80 65 45 30 20
Microprocessor Gate Width
Critical Dimension Control (nm) 9 8 6 4 3 2
Mean + 3¢ -Post Etching
Equivalent Oxide Thickness (nm) 1.5-19 1.5-1.9 1.0-15 0.8-1.2 0.6-0.8 0.5-0.6
Lithography Technology Options | 248 nm DUV | 248 nm +PSM | 193 nm + PSM 157 nm +PSM EUV EUV

193 nm DUV | 157 nm E-beam projection | E-beam projection | E-beam projection

E-beam direct write
lon Projection

Innovation

DUV - deep ultraviolet;

EUV - extreme ultraviolet; PSM - phase shift mask;
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Contamination iy

at the
same scale as the
integrated circuit with
10 um feature size

* Today’s feature size
100 nm - 100 times
smaller!

®
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Clean Room Specifications

Table 2.1 Clean Room Ratings by Class of Filtration

Class Number of 0.5tm Number of 5pm
particles per ft(m®) particles per ft(m®)

10,000 10000 (350,000) 65 (23,000)
1,000 1000 (35,000) 6.5 (2,300)
100 100 (3,500) 0.65 (230)
10 10 (350) 0.065 (23)
1 1 (35)* 0.0065 (2.3)

*1t is very difficult to measure particulate counts below 10/ft

© 2002 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This
material is protected under all copyright laws as they currently exist. No portion of this
material may be reproduced, in any form or by any means, without permission in writing
from the publisher.

For the exclusive use of adopters of the book
Introduction to Microelectronic Fabrication, Second
Edition by Richard C. Jaeger. ISBN0-201-44494-1.



Common Wafer

Surface Orientations
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INTRODUCTION TO
MICROELECTRONIC
FABRICATION

RicHARD C. JAEGER

Primary Primary
flat flat
<110> <110=>
plane plane
Secondary
flat
p-type <100> p-type <111>
(a) (b)
Secondary Primary Primary
flat may be flat flat
here (07) <110> <110>
plane plane
Secondary Secondary
flat flat
n-type <100> n-type <111>
(c) (d)
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SECOND EDITION

Water Cleaning

« Wafers must be cleaned of chemical and particulate contamination
before photo processing

e Examnle of “RCA” cleanino nrocedure 1n tahle helow

TABLE 2.2  Silicon Wafer Cleaning Procedure!*’)

A. Solvent Removal
1. Immerse in boiling trichloroethylene (TCE) for 3 min.
2. Immerse in boiling acetone for 3 min.
3. Immerse in boiling methyl alcohol for 3 min.
4. Wash in DI water for 3 min.

B. Removal of Residual Organic/lonic Contamination
1. Immerse in a (5:1:1) solution of H,O-NH,OH-H,O,; heat solution to 75-80 °C and hold for 10 min.
2. Quench the solution under running DI water for 1 min.
3. Wash in DI water for 5 min.

C. Hydrous Oxide Removal
1. Immerse in a (1:50) solution of HF-H,O for 15 sec.
2. Wash in running DI water with agitation for 30 sec.

D. Heavy Metal Clean
1. Immerse in a (6:1:1) solution of H,O-HCI-H,0, for 10 min at a temperature of 75-80 °C.
2. Quench the solution under running DI water for 1 min.
3. Wash in running DI water for 20 min.
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Photoresist Deposition
Automated Production Systems

Rite Track 88e wafer processing system (Courtesy of Rite Track Services, Inc.
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Mask Alignment

 Each mask must be

. carefully aligned to the
{b on wafer previous levels

e Some form of

Cross or box

on mask alignment marks are
used

Composite pattern 5
Ifli:j i::] after alignment ¢ AUtomated ahgnment

and exposure 1n
production lines
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Resists for Lithography

[T :o” > ReSiStS
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T
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510,

Si
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e BN * Exposure Sources

i
S50,
Si .

Si

—

=N — Xray sensitive
| Si0,

Si

(d)
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Oxide Etching Profiles

(a) Isotropic etching - wet chemistry - mask undercutting

(b) Anisotropic etching - dry etching in plasma or reactive
lon etching system

( Resis:[ Resist )
S0 % %/ 510,77

Si Si
Mask Undercut
(a) (b)

© 2002 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This For the exclusive use of adopters of the book
material is protected under all copyright laws as they currently exist. No portion of this Introduction to Microelectronic Fabrication, Second
material may be reproduced, in any form or by any means, without permission in writing Edition by Richard C. Jaeger. ISBN0-201-44494-1.
from the publisher.



nnnnnnnnnnnnn

Dry Plasma Systems

% 2

ﬁ ] () (a) Conceptual drawing
e

for a parallel plate
C}rgunde{da;:]ecrr()dt‘ — plasma etChing
system

Grounded electrode

[ ] (b) Asymmetrical

reactive 1on etching
AN
L : (RIE) system

Silicon wafer __|

Y///

© 2002 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This For the exclusive use of adopters of the book
material is protected under all copyright laws as they currently exist. No portion of this Introduction to Microelectronic Fabrication, Second
material may be reproduced, in any form or by any means, without permission in writing Edition by Richard C. Jaeger. ISBN0-201-44494-1.

from the publisher.



Plasma Etching
Characteristics

TABLE 2.3 Etching Pressure Ranges

AHISOthplC etChlng Etching Mode Pressure (Torr)
Ton Milling 10*-107
L. . Reactive Ion Etching/Ion Milling 10710
Minimizes chemical Plasma Etching 107-5
waste 1 atm = 760 mm Hg = 760 torr = 1.013x 105Pa 1 Pa=1 N/m? = 0.0075 torr
: TABLE 2.4 Plasma-Etching Sources
Etching ¢
Material Source Gases
. Organic Materials O,, SF, CF,
Cleanlng Polysilicon CCl,, CF,, NF;, SF
Silicon Dioxide CF,, GF,, C3Fg, CHF,
. Silicon Nitride CF,, C,F,, CHF;, SF,
Resist removal Aluminum CCl,, Cl,, BCI,
. Titanium C,ClL,F,, CF,
(14 29 2Aa g, 4
aShlng Tungsten Cl,
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SECOND EDITION

Mask Fabrication

Modular Series on Solid Seate Devices
Corsi W i+ erc . Pt e L

Draw IC masks
on CAD system

‘Transfer data to

fFeen generator ° Maskin g Processces

communications line

— Direct step on wafer

10X to 1x

— Contact printing

— Proximity printing

— Projection printing

| Final-size master mask |

| Working masks |

Proximity or

Direct step-on wafer | I Contact printing | projection printing
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SECOND EDITION

Printing Techniques

traviolet L4 . . .
\251:'/.\ / \ / \ » Contact printing damages the reticle
and limits the number of times the
Lens © © Lens reticle can be used

Mask [ — ) —

Space —=

—YI * Proximity printing eliminates
Si0, 'IIIIIIIIIIIA / \ damage

Photoresist

(a) (b)

Lens 2 * Projection printing can operate in
reduction mode with direct step-on-
Prsoresi G0, wafer, eliminating the need for the
© reduction step presented earlier

=\

FIGURE 2.11

Artist’s conception of various printing techniques. (a) Contact printing, in which wafer is in intimate contact with
mask; (b) proximity printing, in which wafer and mask are in close proximity; (¢) projection printing, in which light
source is scanned across the mask and focused on the wafer. Copyright, 1983, Bell Telephone Laboratories,
Incorporated. Reprinted by permission from Ref. [5].
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Wafer Steppers

« Wafer stepping systems
widely used

* Must be completely 1solated
from sources of vibration

« High degree of
environmental control
needed

| | _* Often 1n their own clean
Figure 2.13 The true complexity of a wafer stepper is

apparent in this system drawing. (Courtesy of ASM room
Lithography, Inc.
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Walfer Steppers

(cont.)

- Light source
(Hg lamp)

Illumination optics

Condenser lens

Mask (reticle)

Objective lens

Lens System

Wafer ‘B
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Relative spectral irradiance
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VOLUME V.

5 Y iline
436
ws | gline
| |
334
N

200

Figure 2.15

300 400 500
Wavelength (nm)

Spectral Content of Xe-Hg lamp (Courtesy of SVG)
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Minimum Feature Size & v

SECOND EDITION

and Depth of Field

Lens

T M inimum Feature Size F =0.5 i
NA

Mask

A
(NA)

Depth of Field DF=0.6

2

Lens

L Numerical Aperture NA =siné

1

. Image
Wafer —-—Y - ——.— [ A =wavelength of exposure source
DF |
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Phase Shifting Masks
N e N Pattern transfer of two

T ] closely spaced lines

L—_—A T (a) Conventional mask
s technology - lines not

lmiel

© © resolved

| (b) Lines can be resolved
with phase-shift

Resist exposure
sensitivity
— e — 2\
7/\/\ M technology
(a) ~ Image — (b)
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ITRS Lithography Projections
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Table 2.5 -- ITRS Lithography Projections

E-beam projection
Proximity x-ray

lon Projection

E-beam direct write
EUV
lon Projection

Proximity x-ray

E-beam direct write

lon Projection

Year 2001 2003 2005 2008 2011 2014
Dense Line Half Pitch (nm) 150 120 100 70 50 35
Worst Case Alignment Tolerance 52 42 35 25 20 15
Mean+ 3o (nm)
Minimum Feature Size F (nm) 100 80 65 45 30 20
Microprocessor Gate Width
Critical Dimension Control (nm) 9 8 6 4 3 2
Mean + 3¢ -Post Etching
Equivalent Oxide Thickness (nm) 1.5-19 1.5-1.9 1.0-15 0.8-1.2 0.6-0.8 0.5-0.6
Lithography Technology Options | 248 nm DUV | 248 nm +PSM | 193 nm + PSM 157 nm +PSM EUV EUV

193 nm DUV | 157 nm E-beam projection | E-beam projection | E-beam projection

E-beam direct write
lon Projection

Innovation

DUV - deep ultraviolet;

EUV - extreme ultraviolet; PSM - phase shift mask;
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Inspection =
SEM, TEM, STM

“A picture 1s worth a
thousand words”
— Optical microscopy

— Scanning electron
microscopy (SEM)

— Transmission electron
microscopy (TEM)

— Scanning tunneling
microscopy (STM)

SEM images of a three-dimensional micro-electro-mechanical system
(MEMS) structure (Courtesy of Sandia National Laboratories).
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Inspection

i Polycrystalline |
silicon ¢

(100) silicon
substrate

(a)

Figure 2.18

Cross-sectional high-resolution TEM images for MOS structures with (a) 27-A and (b) 24-A Image. Polysilicon grains are easily noticeable in (a);
the Si/SiO2 and poly-Si/SiO2 interfaces are shown in part (b). On a local atomic scale, thickness variations of 2-3 A are found which are a direct
result of atomic steps at both interfaces. Copyright 1969 by International Business Machines Corporation; reprinted with permission from Ref. [9].
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Basic 4-Mask Process

PMOS Metal-Gate Process

1. p-diffusion
2. Thin oxide
3. Contacts
4. Metal
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AN MICROELECTRONICS SHORT COURSE
Auburn Unmiversity

]
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Thin oxide

0

S I

HED
iﬁ
ﬂ

Metal
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Metal Gate PMOS Process

A. Thick oxide capacitor
B. Thin Oxide Capacitor
C. Van der Pauw structure
D. Resistor 1

E. Resistor 2

F. Diode

G. PMOS transistors

H. PMOS logic inverter

I. Lateral pnp transistor

J. Kelvin contact structure
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Our Class Process

SECOND EDITION

Diode & Resistor Fabrication

Al contact Al contact p-type silicon
\ \ /

l_..___'.'——.-

“n-type. silicon wifer:

Top view of an integrated pn diode.
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Our Class Process

Diode Fabrication (cont.)

¢ i ¢ ¢ ¢ ¢ — Exposure light

p-region mask

—— Photoresist
Silicon dioxide
A % (Si0O,)
: )1¥lyp¢' silicon .
(a)
| —— Photoresist
; i ™~ Si0,
B "_n.-lypc_'s-i'li‘c.on' : &
(b)

'

'y

'y

VOLUME V.
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Ton implantation
of acceptor atoms

— Photoresist
™ sio,
O ypesilicon
(c)
p-type silicon
} — SiO,
S niype siticon
(d)

(a) First mask exposure (b) Post-exposure and development of photoresist
(c) After S10, etch (d) After implantation/diffusion of acceptor dopant.
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VOLUME V.

Our Class Process
Diode Fabrication (cont.)
¢ i l i ¢ ¢ — Exposure light ¢ ¢ ¢ ¢ ‘ l — Exposure light

Contact opening mask —— Metallization mask

—— Photoresist ﬁ Photoresist
: | p [ o ,\ SiO, SR W P AT Aluminum (Al)

w o mtype ilfon . L L

(e) (2

L 1 1 - 1 s — Si0, —'-"—'-" S0,

o en-typessilicon - - L ype gilibon o b Y

(f) (h) N

(e) Exposure of contact opening mask, (f) after resist development and etching of contact
openings, (g) exposure of metal mask, and (h) After etching of aluminum and resist removal.
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Metal Gate PMOS Process

A. Thick oxide capacitor
B. Thin Oxide Capacitor
C. Van der Pauw structure
D. Resistor 1

E. Resistor 2

F. Diode

G. PMOS transistors

H. PMOS logic inverter

I. Lateral pnp transistor

J. Kelvin contact structure
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