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Chapter 3 : ULSI Manufacturing Technology
— (a) Oxidation & Impurity Doping
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Stages of IC Fabrication

Single crystal silicon

Wafer Preparation

includes crystal

growing, rounding,

SllCll’lg and pOllShll’lg. Wafers sliced from ingot
Wafer Fabrication T EEEREE

includes cleaning,

layering, patterning,

Assembly and Packaging: g%ﬁ%g

The wafer is cut Scribe line yal [T T
©/gEmmmEERER

along scribe lines .

to separate each die. A single die bt e
\- U EEEEEE

| '] | |mg
~~— -~
Assembly Packaging

Metal connections
are made and the
chip is encapsulated.

etching and doping.
Test/Sort includes Defective die Final Test ensures IC
probing, testing and passes electrical and
sorting of each die on environmental
the wafer. testing.
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Evolution of IC Technology

Rl T RE A AT LR AR

AR WEE MOS FHHTan iR AER

2001

1989 1992 1995

DRAM & &

s E® (mm)

0.18

1989 1992
0.7 0.5
- 300 K
4MB 16 MB
BEBEBEE A/ (mm”) - 250
DRAM A7) (mm?) - 132
150 150 ~ 200

SM
2GB
800
500

200 200 ~300 300 ~400

~50 to 1000 chips

I -

100 to 300 mm
(0.5 - 0.755 mm thick)

£ 5 1980
MOS MIELAE (A) 400
MOS R E (um) 2
MOS &R (um) 0.6
Vee TR (V) ]

NMOS lgso (MA / m) 0.14
PMOS lgsar (MA / tm) 0.06

200 150 90

0.9~0.38 IO.G ~05 04~03

0.2 0.15 0.15

10! to 107

Gate

Source
\ =

5 5 =P 33
036 | 0056 048
019 027 0.22
Drain

/

COmponents 7 g E @ MOSFET

A
Y

I to 20 mm

(b)

- - —

===""""|< »— 1 to 10 um
> 2to 10 um
> Bipolar
“‘-\x transistor
- N
’\ Collector
Base Emitter

(c)

Size comparison of a wafer to individual components.

(a) Semiconductor wafer. (b) Chip. (c) MOSFET and bipolar transistor.
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|IC Fabrication Process Overview
Major Fabrication Steps in MOS Process Flow

UV light

exposed
photoresist

Ox1dat10n Photoresist Mask-Wafer Exposed Photoresist
(Field oxide) Coating Alignment and Exposure Photoresist Develop

lonized CF, gas
phoioresist

Oxide Photoresist Oxidation Polysilicon Polysilicon
Etch Strip (Gate oxide) Deposition Mask and Etch

Sl

-

Ion Active Nitride
Implantation Regions Deposition

Metal Deposition
and Etch

Used with permission from Advanced Micro Devices



Model of Typical Wafer Flow
In a Sub-Micron CMOS IC Fab

Wafer Start

Un patternatl-'>
Wafer

Wafer Fabrication (front-end)

NESSSS

Completed Waferl

Test/Sort

Parametric Testing
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v v
Thin Films Polish
Diffusion Photo |¥| Etch
_>
Implant

Used with permission from Advanced Micro Devices




Oxidation

= Object
= Gate dielectric
= Protective coating in many steps of fabrication
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A Basic CMOS Process

——

)
n-substrate k p j
Substrate
(a) l

Oxidation

|

Photomask (p-well)
(b)

- polysilicon

n 3
- (—/ 500N \rﬂ s lon-implant & drive-in

(c)

Photomask (gate oxide)
Boron implant L

L ‘ i L Photoresist
. M Mask (threshold adjust)

(d) lon-implant {n-channel)

-\rscnic implant

‘ l Mask (threshold adjust)

—/ﬁmw

Photoresist

lon-implant (p-channel)

‘ Deposit polysilicon
St it — l
" N p ; Photomask (gates)

G I

i

Mask p-channel

l

lon-implant n-type S/D

Mask n-channel

|

lon-implant p-type S/D

Anneal/drive-in

L

Photomask (contacts)

:

Deposit aluminium

:

Photomask (aluminium)

:

Alloy

i

CVD overglaze

l

Photomask (final contacts)



Oxide Applications

Native Oxide

Purpose: This oxide is a contaminant and generally undesirable

Comments: Growth rate at 300K is 15 per hour up to about 40 A. N
p* Silicon substrate

Field Oxide

Purpose: Serves as an isolation barrier between individual transistors to
isolate them from each other.

Comments: Common film thickness : 2,500 A ~ 15,000 A.
Wet oxidation is the preferred method. p* Silicon substrate

Transistor site

Gate Oxide

Purpose: Serves as a dielectric between the G and S/D parts of MOSFET | Gate \

Comments: Common film thickness : 20 A ~ 600 A (0.18 ;2 m process) Source
Dry oxidation is the preferred method. Transistor site
2005 SOC%?H&% p* Silicon substrate
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Oxide Applications

Metal

ARSI
‘ﬁ‘""""""ﬁ*}ﬁ.}ﬁq{*

Barrier Oxide

Purpose: Protect active devices and silicon from follow-on processing. R
Common film thickness : 150 A Diffused resistors

Comments: Thermally grown to several hundred Angstroms thickness. p* Silicon substrate
H lon implantation
Dopant Barrier i l i i l P
Purpose: Masking material when implanting dopant into wafer. -\
Common film thickness : 400 ~ 1200 N Gate
Example: Spacer oxide used during the implant of dopant /@2 I
into the source and drain regions. \AAAAA/
Comments: Dopants diffuse into unmasked areas of silicon by selective Spacer oxide protects narrow
diffusion. channel from high-energy implant
Implant Screen Oxide ——+—_, . lon implantation
Purpose: Sometimes referred to as “sacrificial oxide”, screen oxide, is \\\\\
used to reduce implant channeling and damage.

Assists creation of shallow junctions.
Thickness varies depending on dopant, implant energy, time

Comments: Thermally grown
2005 SOC%?PFEZHU
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Oxide Applications

Pad Oxide

Purpose: Provides stress reduction for Si;N,
Common film thickness : 200 ~ 500 A

Comments: Thermally grown and very thin.

Insulating Barrier between
Metal Layers

Purpose: Serves as protective layer between metals.
Common film thickness : 5000 ~10000 A

Comments: This oxide is not thermally grown,
but is deposited.

2005 SOC i
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/ \ Passivation Layer,

Pad oxide
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70
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(oxide)




LOCOS (Local oxidation of silicon)
SWAMI (Sidewall masked isolation)
STI (Shallow trench isolation)

eep trench isolation)

(B)

si0,

S

n LELELELELECTEEL L
R l,,: mm ';l l” Subsrate
U m

Nitride 2

P-substrate

(c)
"_‘_‘_\{V__ ————
_C;;: wuwe2 — ! T orie
't r 91"1! I —————— Polysilicon
Field oxid )
Field oxide ield oxide e )
P-silicon P-substrate

STI

WAMI



Thermal Oxidation Furnace

Horizontal Oxidation/Diffusion Furnace Vertical Oxidation/Diffusion Furnace

A. Cool down stage
B. Process stage
i C. Wafer transfer stage
| D. 12 cassette carousel
| E. Wafer handling section
| F. Processing section

Heat exchanger

g\tv
o
/‘{":ﬁ-_
(7N

Photograph courtesy of International SEMATECH D)

[ &

Service area
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Thermal Oxidation Process

Wet Clean

* Chemicals

* % solution

* Temperature
* Time

2005 SOCTFHfsii

FIE

e T

Oxidation Furnace
*0,,H,,N,,Cl

* Flow rate

* Exhaust

* Temperature

» Temperature profile

e Time

L

JA

&

Flow Chart

Inspection
* Film thickness
e Uniformity
* Particles
* Defects

14



Process Recipe for Dry Oxidation Process

Process Gas
Time Temp N2 N o HCI
Ste ) P 2 2 Comments
P (min) °O) e (slm) (slm) (sccm)
(slm)
0 850 8.0 0 Idle condition
1 5 850 8.0 0 0 Load furnace tube
Ramp Ramp temperature up
2 7.5 20°C/min 8.0 0 0
3 5 1000 3.0 0 o | lemperature
stabilization
4 30 1000 0 2.5 67 Dry oxidation
30 1000 8.0 0 0 Anneal
Ramp Ramp temperature
6 30 8.0 0 0
-5°C/min down
7 5 850 8.0 0 0 Unload furnace tube
8 850 8.0 0 0 0 Idle

Note: gas flow units are slm (standard liters per minute) and sccm (standard cubic centimeters per minute)

2005 SOCRFH At
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Kinetics of Oxidation

— e During Oxidation, the oxidizing species
S il - Stepl: must transport from gas bulk to gas- oxide interface.
0, { _____ ool | Lot f - Step2: must diffusion across the existing oxide layer.
- Step3: must react at the silicon surface.

Silicon substrate / Dry oxidation: Sl + 02 —> SlOZ
, Wet oxidation: S1+ H,O — SIO, +2H,

Growth of SiO,by thermal oxidation.

. C _Cs
Fick's Ist law : J, = D, gt =J s =Ny (Cg —CS)

g-gas, s:surface, o:oxide, i:interface

sl

| » h, : mass transport coefficient ; C : oxygen concentration

| Stagnant Silicon 9

1 gas layer C —-C.

! J,~D, =" ; J,=k.C. (ks:chemical rate constant)

1 2 0, t 3 s

| oxX
Cgi R Steady state : J, =J, = J,

I

——————————————- 2

L — = t2 +At, =B(t+7)

1 —

' J B :

: i when (t+7) << A’/4B = t,, ~—(t+7):linear law
Gasi Oxide A

when t >> 7; A* /4B = t2, ~ B(t +7): parabolic law

Schematic diagram of the oxidation flows (B/A :linear rate coeff. ; B : parabolic rate coeff.)



Factors Influence Oxidation Rates
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Factors Influence Oxidation Rates

1.0

0.8
= 0.6

e
S

&
N
I

mCz=15x100cm™3
ACg=3.7x10"cm3
®C;=-4.0x10"%cm™3

Oxide thickness (um

0.1 1 1 1 [ N N B A | 1 I

0.1 0.2 0.4 0.6 0.81.0 2.0 3.0
Oxidation time (h)

Figure 418  Silicon dioxide thickness versus wet
oxidation time for three different surface concentrations of
boron (after Deal et al., reprinted by permission, The
Electrochemical Society).

102

103

-

107 B (um?min) - g——g—o—o
e i
107 AN T T YT O Y O
107 108 10" 102 102

Cg (cm™?)

Figure 419  Oxidation rate coefficients for dry oxygen
at 9007C as functions of the surface concentration of
phosphorus (after Ho et al., reprinted by permission, The
Electrochemical Society).

4 4. Time & Substrate Doping

V¥V 5. Oxidant Species
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T T TTTIT

\

Oxide thickness Xo(um)
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T

0.01

T T T 1T

< Undoped (111)-Si
+ Undoped poly-Si
O Undoped (100) - Si

Lol L1l L

0.001
0.1

1.0 10
Time t (hour)

T LB I: 10
1200°C
= 1.
1100°C 3 0
1000°C -
i E
e
- o
890°C E
ERE
. £
] @
=
- >
(=]
3 0.01
L1 1111l 0‘001
()]

T T T TTTT]

T T TTTIT]

T

T T T T

Ll

< Undoped (111)-Si
+ Undoped poly-Si
O Undoped (100)-Si

Lol Lol

1200°C
1100°C
1000°C

900°C

840°C

740°C

1

r o1l ool L1l 1111 iH

0.1

1.0 10
Time t (hour)

The oxidation of undoped polysilicon in

(A) wet and (B) dry ambients.
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Color Chart for Thermal Grown
SiO, Films

Film Film
Thickness Thickness
(pem) Color and Comments (pem) Color and Comments
0.03 Tan 0.54 Yellow green
0.07 Brown 0.56 Green yellow
0.10 Dark violet to red violet 0.57 Yellow to “vellowish™ (not
yellow but is in the position
0.12 Royal blue where yellow is to be
0.15 Light blue to merallic blue expected; at times
0.17 Metallic to very light appears to be light creamy
. : g llic)
° F I m Th k yellow green gray or meta
I I C n eS S 0.20 Light gold or yellow; 0.58 Llight orange or yellow to
. . i " pink borderline
- Ellipsometry (Transparent Films) slightly metallic .
0.22 Gold with slight yellow : onp
. 0.63 Violet red
- Nanospec: interference

0.25 Orangc to melon 0.68 “Bluish™ (not blue but

Refl eCtIO n Spectrosco py 0.27 Red violet borderline berween violet

and blue green; appears

X'ray FI I m Th | C kn eSS 0.30 Blue to violet blue more like a mixture

0.31 Blue between violet red and blue
- Photoacoustic Technology 032 Blue to blue green green and fooks grayish)
. 0.72 Blue green to green (quite
0.34 Light green broad)
0.35 Green to yellow green 077 “Yellowish”
0.36 Yellow green
. . . 0.80 Orange (rather broad for
(] Res IStIVIty an d Sh eet 0.37 Green yellow orange)
. 0.39 Yellow 0.82 Salmon
Res IStance 0.41 Light orange 0.85 Dull, light red violet
] 0.42 Carmnation pink 0.86 Violet
- Four-Point Probe 0.44 Violet red 0.87 Blue violet
0.46 Red violet 0.89 Blue
0.47 Violet 0.92 Blue green
0.48 Blue violet 0.95 Dull yellow green
s 0.49 - ish™
2005 SOC%’?{‘T&%% Blue 0.97 Yellow to “yellowish
II [ Ry 7 % FA 0.50 Blue green 0.99 Orange
l: L [FLf tj/—r F‘l T ]:[ 0.52 Green (broad) 1.00 Camation pink



Oxide Charges

10
9
8 — \
o) N
E_1F
g
S e 6 \090
a © A 2
S 51—y 0%.
3 g A la
e o 4 _ Y ‘?{.
g a A /0
g 3 \ o
2= ——
1 DryN,orargon
0 I annqa ]
600 900 1200

Temperature (°C)

Figure 412 Thq Deal triangle showing the
effects of a high-temperature inert (nitrogen or
argon) postoxidation anneal on interface states
and fixed charge density (after Deal et al.,
reprinted by permission, The Electrochemical
Society).

I s o Pt

Mobile ionic
charge (Q, )

Oxide trapped

<::.hﬂrg!! (Q,) Fixed oxide
o charge (Q,)

+ + + + + + + + + 4

/

Interface trapped
charge (Q,)

Si0

Si0,

Si

Figure 414 Siliconsilicon dioxide structure with

mobile, fixed charge, and interface states

IEEE, after Deal).

© 1980,
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Diffusion & lon Implant Applications

Process Step Dopant Method

A. p+ Silicon Substrate B Diffusion . n-Channel Lightly Doped Drain (LDD) As Ion Implant
B. p Epitaxial Layer Diffusion J. n-Channel Source/Drain (S/D) As Ion Implant
C. Retrograde n-Well P Ion Implant K. p-Channel LDD BF, Ion Implant
D. Retrograde p-well B Ion Implant L. p-Channel S/D BF, Ion Implant
E. p-Channel Punchthrough P Ion Implant M. Silicon Si Ion Implant
F. p-Channel Threshold Voltage (V1) Adjust P Ion Implant N. Doped Polysilicon PorB lon I.mplgnt
or Diffusion

GIp-Channel Punchthrough B Ion Implant
0. Doped SiO PorB Ion Implant
HIp-Channel Vi Adjust B Ion Implant - Loped 51, or or Diffusion

p-channel Transistor

n-channel Transistor

p- epitaxial layer

T

@ p* silicon substrate

Common Dopant Processes in CMOS Fabrication

2005 SOCHFHififi
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Impurity Doping - Diffusion

G of

dopant Mask Dopant Formula of Source Chemical Name
s e Arsenic (As) AsHj; Arsine (gas)
~ | Phosphorus (P) PH; Phosphine (gas)
Phosphorus (P) POCl, Phosphorus oxychloride (liquid)
Boron (B) B,Hg Diborane (gas)
v Boron (B) BF; Boron tri-fluoride (gas)
Highwveloclty o Boron (B) BBr; Boron tri-bromide (liquid)
fl:;:l*:”” J J J \ \ \ = Antimony (Sb) SbCl; Antimony pentachloride (solid)
HHHH# " Typical Dopant Sources for Diffusion

e N~

\Wopam gas/ —
, .|

=

(b) ) \
Oxide

Oxide \
Comparison of (a) diffusion and (b)
ion-implantation techniques for the

selective introduction of dopants
into the semiconductor substrate. Doped Region in a Silicon Wafer 42

p" Silicon substrate




Diffusion Facility

Electric furnace

ke i Horizontal Diffusion Furnace
uart? tbe

(}—P Vent
Na FLJ—\ Si Wdff s
Electric furnace
Liquid

impurity
source

The schematic diagram of a typical open-tube
diffusion system.

@1 Bypass
0, N> X
HEHE | |
POCI A typical bubbler arrangement for doping
2 ® Bath a silicon wafer using a POCL source. The
%’Z) R ., gas flow is set using mass flow controllers
> (MFC). 23




Diffusion Process

Six Steps for Successful Diffusion:

S

Download the process recipe with the desired diffusion parameters.

Set up the furnace, including a temperature profile.
Clean the wafers and dip in HF to remove native oxide.

Perform predeposition: load wafers into the deposition furnace and diffuse the dopant.

Perform drive-in: increase temperature to drive-in and activate the dopant bonds, then unload the wafers.

Measure, evaluate and record junction depth and sheet resistivity.

100

107"+

—

<
~
|

—

<
L
T

4L

Concentration/C (surface)
2

—

<
o
T

10°° -

107

VDt =0.15 um 0.2um

0.25 um

0.0

0.5 1.0
Depth (um)
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1.5
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Concentration as a function of depth for (A) predeposition and
(B) drive in diffusion for several values of the characteristic diffusion length.
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—
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104

=Y
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Impurity Doping - lon Implantation

= Introduce Impurities (Dopants)
= To change the electrical properties of the silicon

= The most common method for introducing impurities into
silicon wafers

« Impurities with an electric charge are accelerated to high
energy and shot into the exposed area of the wafer surface




Impurity Doping — lon Implantation

_— [on source

~— Plasma

Extraction assembly

Analyzing magnet

~

Acceleration
column

n beam 7

finiL

N o o bk w -

Advantages of Ion Implantation

Precise Control of Dopant Concentration
Good Dopant Uniformity

Good Control of Dopant Penetration Depth
Produces a Pure Beam of lons

Low Temperature Processing

Ability to Implant Dopants Through Films
No Solid Solubility Limit

4 N\
Process

chamber

2005 SOC LT sy
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Impurity Doping — lon Implantation

Controlling Dopant Concentration and Depth

Low energy
Low dose
Fast scan speed

Ion implanter

Dopant ions \

Beam scan ——»

Mask Xiy - Mask

Silicon substrate

a) Low dopant concentration (n-, p")
and shallow junction (x;)
2005 SOC%‘?{‘%%
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High energy
High dose

Ion implanter
Slow scan speed

Beam scan

: o

Mask

Silicon substrate

b) High dopant concentration (n*, p*)
and deep junction (xj)
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Classes of Implanters

Class of Implanter
System

Description and Applications

Medium Current

Highly pure beam currents <10 mA.

Beam energy is usually < 180 keV.

Most often the 10n beam is stationary and the wafer is scanned.
Specialized applications of punchthrough stops.

High Current

Generate beam currents > 10 mA and up to 25 mA for high dose
implants.

Beam energy is usually <120 keV.

Most often the wafer is stationary and the 1on beam does the
scanning.

Ultralow-energy beams (<4keV down to 200 eV) for implanting
ultrashallow source/drain junctions.

High Energy

Beam energy exceeds 200 keV up to several MeV.
Place dopants beneath a trench or thick oxide layer.
Able to form retrograde wells and buried layers.

Oxygen Ion Implanters

Class of high current systems used to implant oxygen in silicon-
on-insulator (SOI) applications.

2005 SOCH 7 ififi
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lon Channeling

v

Model for a diamond structure,
viewed along a <110> axis.

(a) Tons

RA2R

0O00000O0O0O0 .
0%°0%°%%%°% % Oxide
00000000
00000000
00000000 Crystal
00000000

(C) Tons

FY ity

© 00000000
0%526°6%0°6%0% Damaged
00000000 Crystal
00000000
00000000 (Crystal
00000000

(@) implant through an amorphous oxide layer,
(b) misorient the beam direction to all crystal axes
(c) predamage on the crystal surface. 29

o
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Light
ion
(B)

Heavy
ion

(As)

Implant Damage & Annealing

Semiconductor surface

W
Damaged
region

(a)

Disorder
cluster

~50 A

(b)
Implantation disorder caused by
(@) light ions and (b) heavy ions.

O

e o 5 Ot
@) QO OO
o o/%0%0 /o l0o o
oF © @O o
o O

o

O O O O O O O

a) Damaged Si lattice during implant

Repaired Si lattice structure and

activated dopant-silicon bonds
o o 0o 0o 0 0 O

c o o O o O
cp® O O O O O
o o @ e @ O
o o o o 0o O 0
o o000 ©o 000
oo o o 0 0 0
b) Si lattice after annealing 30



lon Implementation

= Annealing

= Following the ion implementation

= A high temperature furnace process is used to anneal out the
damage

2005 SOCTFHfsii
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Analysis of Diffused Profiles

®-

1]

= Amplifier

®-

a i i ‘ Masg Secondary
~—.| E S
Wafer L“ V) IWafer

Q) (8) \\

Figure 314 The four point probe (A) and Van der Pauw (B) methods for determining the

resistivity of a sample. .
P Accelerating
grid

High vacuum chamber

Figure 318 A typical SIMS arrangement. The sample is
bombarded by high-energy ions. The sputtered material is
mass analyzed to determine the composition of the substrate.

Figure 316  The Hall effect is able
to simultaneously measure the carrier
type, mohlhty and sheet 32
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