


Introduction:
Basic N-MOSFET Process Sequence
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FIGURE 1.6

Process sequence for a semirecessed
oxide NMOS process. (a) Silicon wafer
covered with silicon nitride over a thin
padding layer of silicon dioxide;

(b) etched wafer after first mask step.
A boron implant is used to help con-
trol field oxide threshold; (¢) structure
following oxidation, nitride removal,
and polysilicon deposition; (d) wafer
after second mask step and etching of
polysilicon; (e) the third mask has
been used to open contact windows
following silicon dioxide deposition;
(f) final structure following metal
deposition and patterning with fourth
mask.
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Part 1.
Details of Processes

1.Oxidation
2.Photo-Lithography
3.Ion-Implantation
4.Diffusion
5.Etching

6.Film Deposition
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1. Oxidation: Thermal Oxidation of Silicon

«Silicon Dioxide
High quality electrical insulator
Diffusion/implantation barrier
Passivates silicon surface

+4<—— Original
0.54.X - surface

Silicon
wafer
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Dry Oxidation
S, +0,— 8.0,
Wet Oxidation
S;+2H,0— S.0,+2H,
Growth Occurs 54% above and

46% below original surface as

silicon is consumed



1. Oxidation: Fick’s First Law of Diffusion

Particle flux J is proportional to the negative

of the gradient of the particle concentration

= -Dg D = diffusion coetficient

Particles move from a region of high

concentration to one of low concentration
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FIGURE 3.1

Diffusivities of hydrogen, oxygen,
sodium, and water vapor in silicon
glass. Copyright John Wiley & Sons,
Inc. Reprinted with permission from
Ref. [4].



1. Oxidation: Local Oxidation of Silicon
(LOCOS) to isolate MOSFETs

)z wzzzz o Isolation technology in
| — MOS processes

Oxidation ® PrOVideS iSOlation
between nearby
devices

 Fully recessed process
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1. Oxidation: Shallow Trench Isolation (STI)
for minimizing the MOSFET pitch

S T T e iy - "
SR %I | Resist]] Liner

™) WA A A \j?m
Silicon

Silicon \_/ Silicon Silicon \_/ Silicon Silicon\—/— Used for isolation

(1) Stack & trench etch (2) Pad oxide undercut (3) Liner oxidation between dEVICGS and
' to minimize device
g [ — . :
[solation /. Isolation /. . Isolation /7, CapaCItance
Silicon Si0, Silicon Silicon $i0, Silicon
(4) CVD Oxide gap fill (5) CMP & HF dip (6) H, POy Nitride strip

(e.2. HDP.TEOS-0,)
(b) Steps in a typical STI process flow

FIGURE 3.13

Trench isolation structures. (a) Deep trench isolation - Copyright 1996 IEEE. Reprinted with permission from
Ref. [18]. (b) Shallow trench isolation - Copyright 1998 IEEE. Reprinted with permission from Ref. [20].
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1. Oxidation: Deep Trench Isolation (DTI)
for further minimizing the MOSFET pitch

(1) Trench etching with SiN I]]‘]Sk "md oxidation

U [ \ Pad QI()a
~~ si0, Often used in dynamic
(*:; Poly-Si deposition and etching back memory Chips (DRAMS)

=

3) SIN patlemmg, and field oxidation

Deep trenches used in
high performance bipolar

|
M U \ Field 8§10, processes

Fabrication procedure of trench isolation
and field oxide.

(a) Deep-trench process

FIGURE 3.13

Trench isolation structures. (a) Deep trench isolation - Copyright 1996 IEEE. Reprinted with permission from
Ref. [18]. (b) Shallow trench isolation - Copyright 1998 IEEE. Reprinted with permission from Ref. [20].

Filled Trenches
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2. Photo-Lithography:

Example to form SiO, island

Si0,

Mask

Substrate

(a)

Positive photoresist

Si0,

Substrate

-t

(b)

Alignment
[ marks
Photographic
emulsion
or
metal

1

§=——Light

I+HHr+++Hr+

Je—— Mask in close

7

proximity to resist

Si0,

Substrate

(c)

Vo7

S0,

Substrate

(d)

Si0,

Clear glass plate

Si0,

%

Substrate

Substrate

(e)

Si0,

Substrate

(f)

(2)

i

(a)

(f)

(9)

Substrate covered with
silicon dioxide barrier layer

Positive photoresist applied
to wafer surface

Mask in 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



2. Photo-Lithography: Mask (example)

(®

 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

* One mask for each

lithography level in
process
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2. Photo-Lithography: Process Sequence

Dehydration bake
!

mE = I W .
(1) Starting wafer with layer (2) Coat with photoresist )

to be patterned

Resist application

SSoSS il T

E = == = = —

-€

(3) Bake the resist to set its (4) Expose resist by shining Post exposure bake*
dissolution properties light through a photomask v
Develop cycle
!
/) | : Hardbake
E = = == = ;
Developer Etchant e
i i i
(5) Immerse exposed wafer (6) Etch the film
in developer et e



2. Photo-Lithography: Related Optics

Contact
printing

Proximity Projection
printing printing

Ultraviolet @

NN AN
- D O

VPP ITIFIIF
-
Wafer

S ——
Photoresist 7777777777777 7S50,

Wafer

« Contact printing
damages the mask and
the wafer and limits the
number of times the
mask can be used

* Proximity printing
eliminates damage

* Projection printing can
operate in reduction
mode with direct step-
on-wafer



2. Photo-Lithography: Optical Source

* Hg Arc lamps 436(G-line), 405(H-line), 365(I-line) nm

14
g ol F=05
é 0.6 i sin@c
® el Trade-off
02T
200 250 300 350 400 450 500 550 600 (SII'IHC)2
Wavelength (nm)

« Excimer lasers: KrF (248nm) and ArF (193nm)
« Laser pulsed plasma (13nm, EUV)

» Source Monitoring
— Filters can be used to limit exposure wavelengths

— Intensity uniformity has to be better than several % over the collection
area
— Needs spectral exposure meter for routine calibration due to aging



2. Photo-Lithography: Example of
DoF Problem

- H Photo mask

AN a <
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2. Photo-Lithography: Sub-resolution
issue and Phase shifting mask

INlumination m

SOUrce

\ l l | 1 l Pattern transfer of two closely
Mask spaced lines
e g

- | /,,_'_J (a) Conventional mask

|| Rrfiens || technology - lines not
resolved
© - © (b) Lines can be resolved
f Pl with phase-shift

technology
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2. Photo-Lithography: Etching and
Photoresist

* Resists
— Positive
— Negative

_* Exposure Sources
— Light

— Electron beams

— Xray sensitive

= At - -
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2. Photo-Lithography: Photoresist types

* Negative Resist

— Composition:
* Polymer (Molecular Weight (MW) ~65000)
* Light Sensitive Additive: Promotes Crosslinking
* Volatile Solvents

— Light breaks N-N 1n light sensitive additive => Crosslink Chains
— Sensitive, hard, Swelling during Develop

* Positive Resist
— Composition
* Polymer (MW~5000)

» Photoactive Dissolution Inhibitor (20%)
+ Volatile Solvents

— Inhibitor Looses N, => Alkali Soluble Acid
— Develops by “etching” - No Swelling.

SAHNSHD el mxd ol
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2. Photo-Lithography: Positive PR mechanisms

Photons deactivate
} b } } sensitizer

RRR

—> dissolve
in developer
solution

polymer +
photosensitizer

IR IEL] | P S —

scale) . -
resist thickness remaining
N
0 Q. exposure
s 0 f photon
energy

{log scale)
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2. Photo-Lithography: Negative PR mechanisms

%, remaining

by b ™ P

N ek A
|

after i

development E photon

hv => cross-linking => insoluble in
developer solution.
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3. lon-Implantation: Set-up

+ |0t 175 |-
kv ]
Neutral beam trap
R R R and beam gate . ooy Y
PPN Beam trap Force on charged particle F =q(vx B)
-l Neutral beam
Resolving aperture ¢ T ? L \
® e A W) S
E 90° = 0 - = 2mV
;‘;ﬁa,ymg]:u:e:tu - ' 1 Magnetic Field ‘B‘ =,
4 @ — N qr._
V magnet L Focus ®
O Accclctl' ation S /
- tube X-axis
QO[STI:P& %k o '\’{‘"n"er\@_scarrlmzr
Wafer in process chamber 1
BB Implanted Dose @= poy jt I(t)dr
Schematic drawing of a typical ion implanter 0
1.  Ion Source M = mass
2. Mass Spectrometer v = velocity
3.  High-Voltage Accelerator (Up to 5 MeV)  V =acceleration potential
4. Scanning System A = wafer area
5.  Target Chamber
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3. lon-Implantation: Mathematical Model

Gaussian Profile
Np —
Ny ey )
g ’ 2AR?
3 061N, P
E R, = Projected Range
0148 7 AR =Straggle
0.011 N,
[«
Dose Q= T N(x)dx=~27zN AR,
Distance into material, x 0
Further readin . .
& http://210.101.116.15/kissS/viewer.asp
(my paper):
= HEx B3 0|2 2] (7] %)



3. lon-Implantation: Projected Range

3 . 5 1C 7 ¥
Projected Range: B I'cl'n
bow | Gton | Nowe
1. Implanted depth 108 A 1200 A 140 A
0 i p p n_ e 15 1
<Deeper Al | Si| P
as a lighter one AB B0 ANT
. Ga | Ge | As
5 en \“Ra) s
2 o e et
2 In | Sn | Sb
- nas | nan | 1%
L
o 01
2 FIGURE 5.3
A Projected range and straggle calculations
based on LSS theory. (a) Projected range
R, for boron, phosphorus, arsenic, and
antimony in amorphous silicon. Results
for Si0O, and for silicon are virtually identi-
cal. (b) Vertical _R,and transverse _R,
straggle for boron, phosphorus, arsenic,
0.01 . | . — and antimony. Reprinted with permission
10 ‘ 100 1000 from Ref. [2]. (Copyright van Nostrand
Acceleration energy (keV) Reinhold Company, Inc.)
(a) )
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3. lon-Implantation: Straggle

Normal and transverse straggle

(pm)

0.01

“”(:’2 L L 1 T || |
10 100

Acceleration energy (keV)

(b)

1000

Straggle: ‘Bl cl N
Spre'flding width 1;'&':'1 “f':;: 1:{1"57 '
< Wider Asi| P
as a lighter one B me oy )

Ga | Ge | As

on AR )
TR R

In | Sn | Sb

114.82 .Il];.ﬂ .m

FIGURE 5.3

Projected range and straggle calculations
based on LSS theory. (a) Projected range
R, for boron, phosphorus, arsenic, and
antimony in amorphous silicon. Results
for Si0, and for silicon are virtually identi-
cal. (b) Vertical _R  and transverse _R,
straggle for boron, phosphorus, arsenic,
and antimony. Reprinted with permission
from Ref. [2]. (Copyright van Nostrand
Reinhold Company, Inc.)




3. lon-Implantation: Selecting and Masking

Selecting Masking
RER AR i bbb Vipmeaspeees VOY)=NEOF(Y)

0 01 02 03 04 ﬁ‘i 0.6 07 08 09 1.0

o1 |- N g _ F (‘;‘)— erfc '\/EARL —erfc '\/EARL

- AR, =transverse straggle

Depth, x (pm)

N(x) is one - dimensional solution

R, = 0.5 pm Figure 5.4

091 jgng-_ig“:m | Contours of equal ion concentration for an implantation
1O = - . into silicon through a 1-um window. The profiles are
L symmetrical about the x-axis and were calculated using

~— Distance from window center, y (pm) the equation above taken from Ref. [3].

p
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3. lon-Implantation: Masking

Impurity concentration, N(x)

|

* Desire Implanted Impurity
Level to be Much Less
Than Wafer Doping

N(X,) << Ng

N(X,) < Ng/10

FIGURE 5.5

Implanted impurity profile with implant peak
in the oxide. The barrier material must be thick
enough to ensure that the concentration in the
tail of the distribution is much less than N.



3. lon-Implantation: Junctions

H‘I\‘,l'

Impurity concentration, N(x)

N

e

Sl
MEHIZSATA

N(x;)=N,

_ .
_(Xi_RP) =N,

N _ ex
PN AR

N
x;=R *AR,.[2In
NB

FIGURE 5.6

Junction formation by impurity
implantation in silicon. Two pn junc-
tions are formed at x;; and x;,.



3. lon-Implantation: Channeling

Channeling: Dependence on implantation angle

FIGURE 5.7

The silicon lattice viewed along the {110} axis. From THE
ARCHITECTURE OF MOLECULES by Linus Pauling and
Roger Hayward. Copyright © 1964 W. H. Freeman and
Company. Reprinted with permission from Refs. [4a] and [4b].

Sl
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Normalized impurity concentration
(atoms/em?)

10

107

T

10

| | T T | |
o(0°to <110 Q=12 % 10%em?
® 2%10 <110>

x 810 <110> } 0=5x10"%em* 32p.sj
+ 3% to <110> Room
temperature —

0.2 0.4 0.6 0.8 1.0
Depth (pm)
FIGURE 5.8

Phosphorus impurity profiles
for 40-keV implantations at
various angles from the axis.
Copyright 1968 by national
Research Council of Canada.
Reprinted with permission
from Ref. [5].



3. lon-Implantation: Lattice Damage

10'%

1[}1_." |

1[}16 |

Critical dose (atoms/cm?)

10" |- B
P
14
1013 | | | | | I | |
0 2 3 4 5 6 7 § 9 10
Temperature, 1000/7 (K L
g ]

HEHZSHAL

Implantation Causes
Damage to Surface

Typically Removed by
Annealing Cycle 800-
1000° C for 30 min.

Rapid Thermal Annealing
(RTA) Now Used for
Lower Dt Product

FIGURE 5.9

A plot of the dose required to form an amor-
phous layer on silicon versus reciprocal target
temperature, Arsenic falls between phosphorus
and antimony. Copyright 1970 by Plenum
Publishing Corporation. Reprinted with permis-
sion from Ref. [6].



3. lon-Implantation: Typical Annealing

to

1041
102“
10]9

1018

Arsenic concentration (cm )

107

S
M H|

recover the damage, and issue

21
E I [ T l T l T I T I I [ I é r‘:-\ IU g T T T T I I J I g
E g I - ]
. i £ ]
: \ Asimplanted 1 =2 - 4
— 1020 .
3 & §
s 4 = f ]
L 950°C, 10s 1 & L X 950°C, 10s -
g \ \ = = E % ' E
E 18 1 3 \ .
= 1Y = I - =
s \ \i N = . % ‘\a’ ]
RN 4 2 osp B o .
: s 1 & % i ]
[= a = w o 5 "‘:’-h! il
B 7 . 7 = B .. + 3, T
i 4 o s 1 B E < ; "ﬂ"‘w i
L ot | | | T e I N MR | 'S NP MR P 1Y,
0 10 20 30 40 50 60 70
()
Depth (nm)
D*t product is high = spreaded (b)
FIGURE 5.11
Examples of transient enhanced diffusion. SIMS data comparing as-implanted and annealed depth profiles from (a) 3
x 10%em? 2 keV As*, and (b) 3 x 10"¥/cm?, 1 keV P*. Annealing conditions were 950°C for 10 sec. SIMS depth profiles
of 1 x 10%/cm® B implanted at 0.5-, 1-,2-, and 5 keV (c) as-implanted, and (d) after annealing at 1050°C for 10 sec.
Copyright 1997 IEEE. Reprinted with permission from Ref. [13].
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3. lon-Implantation: RTA (Rapid Thermal

Annealing)

High-intensity lamps in light pipes

Thermal energy

Fiber-optic
temperature sensors

Figure 5.12 (a)

Real-time
process
controller

*Rapid Heating
*050-1050°C

*500C/sec

*Very Low Dt

(b)

(a) Concept for a rapid thermal annealing (RTP) system. (b) Applied Materials 300 mm RTP System (Courtesy Applied Materials)
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4. Diffusion Process: Overview

*Diffusion Mechanisms

impurity

o @ ®
e Substitutional

{a)

® ® &

Interstitial : I
impurity

atom

e Interstitial

FIGURE 4.1

Atomic diffusion in a two-dimensional lattice. (a) Substitutional diffu-
sion, in which the impurity moves among vacancies in the lattice;

(b) interstitialcy mechanism, in which the impurity atom replaces a sili-
con atom in the lattice, and the silicon atom is displaced to a interstitial
site; (c) interstitial diffusion, in which impurity atoms do not replace
atoms in the crystal lattice.

—
U—e

®
©)

Interstitial
impurity _”._'
atom

®
@] ®
® ® ® g

(c)

J
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4. Diffusion Process: Fick’s First Law

A
N Particle flux J is proportional to the negative
0
Silicon of the gradient of the particle concentration
dioxide
< J Silicon N
ke J=-D—
e ok
E N; D = diffusion coefficient
X,
Si0, Si
_T >

Xo
Distance from surface, x

J

S Aot L o
MIZH3SAT Hexd SF 0B 1| (7] %)
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4. Diffusion Process: Fick’s Second Law

Continuity Equation for Particle Flux :
Rate of increase of concentration is equal to the

A
N negative of the divergence of the particle flux
0
Silicon
dioxide N__ I
2, J Silicon ok ok
E (in one dimension)
=
g
g N; Fick's Second Law of Diffusion :
o
X, Combine First Law with Continuity Eqn.
Si0, Si N D':;ZN
_T » Cﬁ C}I_

X,

Distance from surface. x D assumed to be independent of concentration!
.



4. Diffusion Process: Profile Function 1
= Complementary Error Function

Impurity concentration, N(x)

X\
Ny erfc (Zm/

Dty > Doty = Dty

\ \ A

Distance from surface. x

FIGURE 4.2

A constant-source diffusion results in a comple-
mentary error function impurity distribution.
The surface concentration N, remains constant,
and the diffusion moves deeper into the silicon
wafer as the D¢ product increases. Dr can
change as a result of increasing diffusion time,
increasing diffusion temperature, or a combina-
tion of both.

i

Concentration:  N(x,z)=N Ggrfc{

Dt

Q= I N(x,t)dt =2N,

0

Total Dose :

N, =Surface Concentration
D = Diffusion Coefficient

erfc = Complementary Error Function
erfe()=1-erf (2)
2 2
erf(z)=—= | exp|-x~|dx
(== Jewb]



4. Diffusion Process: Profile Function 2
= Gaussian Function (for a fixed dose)

Impurity concentration, N(x)

S

e

Initial Impulse with Dose Q

Noy 0 S ( 5 )2
Nz
Ny Dst; = Doty = Dity
1 2 3
Ng
Distance from surface, x
FIGURE 4.3

A Gaussian distribution results from a limited-source
diffusion. As the Dr product increases, the diffusion
front moves more deeply into the wafer, and the sur-
face concentration decreases. The area (impurity
dose ) under each of the three curves is the same.

6|'m

J

Concentration :

N(x,1)=N, exl{‘[ zjﬁﬂ_ = ex{{zxﬁ)—r ﬂ

N, =Surface Concentration N, =

3

o

D = Diffusion Coefficient

Gaussian Profile



4. Diffusion Process: Comparison

10! i i

77 NN

Value of functions

10

13

1"

MNormalized distance from surface, ¥

HEHZSHAL

@ oIS

Complementary Error Function and
Gaussian Profiles are Similar in Shape

erfe(z)=1-erf (z)
erf(z)= exp'}xz] dx

ok
= &

FIGURE 4.4

A graph comparing the Gaussian and
complementary error function (erfc) pro-
files. We use this curve to evaluate the erfc
and its inverse.



4. Diffusion Process: Diffusion Coefficients

Temperature (*C)

10-2 1400 1300 1200 1100 1000
I I I f I

Substitutional
Diffusers

1= -

101

10 iz

Diffusion cocfficient, [? (em*/sec)

103

1o+ | | |
(L& (1K= 07 (75 (.5 85
Temperature, 1T (K1)
{a)
S AHS
HEHZSHAL

FIGURE 4.5

Diffusion constants in silicon for (a) sub-
stitutional diffusers (above) and (b) inter-
stitial diffusers (next page). Copyright
John Wiley & Sons, Inc.; reprinted with
permission from Ref. [28].

’

Diffusion coefficient, ) (em*/sec)

104

Temperature (°C)
1200 1100 1000 900 800 700

et =

lﬂ—ﬁ -

1077

-8

Interstitial
Diffusers

0.6

0.7

0.8 0.9 1.0 1.1
Temperature, 1000/ T{K™1)

(b)



4. Diffusion Process: Diffusion
Coefficients and Activation Energy

D=D, exp[—ﬁj
kT

E , = activation energy

k = Boltzmann's constant =1.38 x10% J/K

T = absolute temperature

Arrhenius Relationship

TABLE 4.1 Typical Diffusion Coefficient Values for a Number of Impurities.

Element D (em*sec) E.(eV)
B 10.5 3.69
Al 500 347
Ga 3.60 3.51
In 16.5 3.90
P 10,5 3.69
As .32 3.56
Sb 3.60 3.95

Example 4.1

Calculate the diffusion coefficient for boron at 1100 °C.

Solution: From Table 4.1, D, =10.5 cm*/sec and £, =3.69 eV. T=1373 K.

D = 105exp —

3.69

(8.614 X 107°)(1373)

= 2.96 X 10 “cm?/sec.
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4. Diffusion Process: P-N Junction
(example)

Impurity
concentration,
N(x)
Ny
p-type Gaussian diffusion
2] (boron)
o=
&
=11]
[=]
n-type silicon
/ background
Ny
I
I
X\
Distance from surface, x
(a)
Net impurity
concentration,
[N(x) — Ngl
.'Nln - N'R_
=
o
#
[-11]
=

p-type
region

N
o ]
n-type region

_Ei

Distance from surface, x
(b)

x ; =Metallurgical Junction Depth
P-n junction occurs at the point x; where the net impurity

concentration 1s zero

(i. e. p-type doping cancels out n - type doping)

Gaussian Profile : b

(N
Error Function profile: X;= 24Dt erfc‘lk&J

Ng
FIGURE 4.7

Formation of a pn junction by diffusion. (a) An
example of a p-type Gaussian diffusion into a uni-
formly doped n-type water; (b) net impurity con-
centration in the wafer. The metallurgical junction
occurs at the point x = x, where the net concentra-
tion is zero. The material is converted to p-type to
the left of x; and remains n-type to the right of x;.



4. Diffusion Process: Two-Step Diffusion

4
1020 T

(a)
1.1 x](lmerfc[ X ]
2D |
I“'llJ‘ L
(b) . "
1018 1.1 % 10 8exp — RS
. ‘ 2\;’@)

107

Impurity concentration, N(x) (B atoms/cm”)

3 % 1016

l“](r |

0 0.5

Sl
MEHIZSATA

1.0 1.5 2.0
Depth in silicon, x (pm)

2.5

(pm)

e Short constant source diffusion used to
establish dose Q (“Predep” step)

* Longer limited source diffusion drives
profile in to desired depth (“drive in”

step)

 Final profile is Gaussian

FIGURE 4.9

Calculated boron impurity profiles for
Example 4.2. (a) Following the predeposi-
tion step at 900 C for 15 min; (b) following
a subsequent 5-hr drive-in step at 1,100 C.
The final junction depth is 2.77 um with a
surface concentration of 1.1 X 10"%e¢m’. The
initial profile approximates an impulse.



4. Diffusion Process: Masking

Diffusion mask

2 I

(erfec)

(a)

Diffusion mask

0.3

1.0
Axi
I 15
Faussian )

Sl
MEHIZSATA

= 1.5

(L3
(1.1

(.03
(L]
0,003
(L0101

(L0003
(L0001

Ma
0.4
0.75
.6
0.5
03

(11

(103
(L1

(L003
(L0071

(LONH3
(L0

Original Mask

Cylindrical
region (C)

Plane region
Spherical region (S)

FIGURE 4.10

MNormalized two-dimensional complementary error function and Gaussian diffusions near the
edge of a window in the barrier layver. Copyright 1965 by International Business Machines
Corporation; reprinted with permission from Ref, [4].



4. Diffusion Process: Limit of Diffusion
= Solid Solubility Limit

pe * There is a limit to the amount of a
given impurity that can be “dissolved”

/\ j in silicon (the Solid Solubility Limit)

_,,.,.:-::’-"V | « At high concentrations, all of the

N | impurities introduced into silicon will
e |7 not be electrically active

§_ a2l ]

‘é‘ 5h

= ____/— . FIGURE 4.6

/-" The solid-solubility and electrically active impu-
rity-concentration limits in silicon for antimony,
arsenic, boron, and phosphorus. Reprinted with

Solubility limit

————— Electrically activ
Femey e permission from Ref. [29]. This paper was origi-
nally presented at the 1977 Spring Meeting of
The Electrochemical Society, Inc., held in
19 | | I . . .
% o00 1000 1100 1200 Philadelphia, Pennsylvania.

Temperature (°C)

J

S Aot L o
MIEH3SATL Hexd SF 0B 1| (7] %)



5. Etching: Figure of Merit

* Etch rate
« Etch rate uniformity

» Selectivity

Etch mask

1 N\ /‘/ AN P /
* Anisotropy — -

Anisotropic  |sotropic

SAHSH L o
HEHISATA HT X 38 o| B u & (7| %)



5. Etching: Wet etching (Isotropic)

=

|
|
: substrate
l d,
l o

etching mask

film
Bias B=d, —d,

B can be >0 or <0.

~ Y .

sAHSHD o o
HEHISATA HIT X 38 0| B W | (7| %)



5. Etching: Wet etching selectivity

State-of-problem:
Mask material can be eroded during film etching.
Top of film will be smaller than original mask size by an amount W/2.

LetV,, >V, be the vertical
and lateral etching rates of
the mask.

Let Vv r be the vertical
etching rate of the film.

(lateral film etch rate is ignored
In this example for simplicity)

S Aot L o
MIEH3SATL Hexd SF 0B 1| (7] %)



5. Etching: Wet Etching of Insulator
(example: SiO,)

Silicon Dioxide Etch rate (A/min)

6:1 BOE
To etch SiO, film on Si, use

HF + H,0

1200
65 |

Y
-

18 26 T (°C)

SiO, + 6HF — H, + SiF, + 2H,0

Note: HF is usually buffered with NH,F to maintain [H*]
at a constant level (for constant etch rate)

NH,F — NH, + HF

re 4o
H1rz
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e
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[P
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5. Etching: Wet Etching of Metal
(example: Aluminum)

Aluminum
To etch Al film on Si or SiO,, use
H,PO, + CH;COOH + HNO; + H,0

(phosphoric acid) (acetic acid) (nitric acid)

(~30°C)

6H* + 2Al — 3H, + 2AP*

(AP* is water-soluble)

St el T Ol 1 (o =
MR SATL T X 38 0|2 1] (7] %)



5. Etching: Wet Etching of Semiconductor
(example: Silicon)

Silicon

(i) Isotropic etching N »j — 5
Use HF + HNO, + H,O Anisotropic  Isotropic
3 2

3Si + 4HNO, — 3SiO, + 4NO + 2H,0

3Si0, + 18HF — 3H,SiF, + 6H,0

(if) Anisotropic etching (e.g. KOH, EDP)

|

sAHSHD L o
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5. Etching: Wet Etching Issues

» Lack of anisotropy AT

Anisotropic  Isotropic

* Poor process control

* EXxcessive particulate contamination

=> Wet etching used for noncritical feature
sizes



5. Etching: Dry Etching (RIE)

RF | Parallel-Plate
13.56(~) S plasma  Reactor
MHz ' |
wafers
Sputtering

Plasma generates (1) lons
(2) Activated neutrals

#

Enhance chemical reaction




5. Etching: Dry Etching (RIE) Sequence

—— = gas flow

@ &

| giffusionof ~ diffusion of by product

" reactant desorption

. 2 e

O (X)
T \chemical

absorption reaction ____gaseous by products

Substrate

g 41
H1 2
=
OH
o El
e

4

te

HI= X 3F 0|2 n | (7] F)



5. Etching: Dry Etching (RIE) Issues

REMOVAL of
surface film

and DEPOSITION
of plasma reaction
products can
occur
simultaneously

SAMHet
MIEHZSHTL

S -

NP }9 !
Photoresist @)\ (f (i)
. e \f

A 3 0|2 LS (7] %)

Polysilicon




5. Etching: RIE Example (Aluminum)

* It is a three-step sequence :
1) Remove native oxide with BCI,
2) Etch Al with Cl-based plasma

3) Protect fresh Al surface with thin oxidation

.

@ Cl,-based RIE

@BCI3) PR

<
Al

“— native AlLO,

Al

(@ Form oxide again (gently)

Al

A 3 0|2 LS (7] %)



5. Etching: RIE Example (Deep Trench)

~1um mask erosion
LA s -
ballowg/
Sj \\\\m /
e
trenchmgk
by-product
residue
“ideal” “problems”

A 3 0|2 LS (7] %)



6. Film Deposition: CVD
(Chemical Vapor Deposition)

Waters

Figure 6.8
Four types of CVD systems. (a) Atmospheric-pressure reactor (b) hot-wall low-pressure (LPCVD) system in a
three-zone furnace (c) parallel-plate plasma-enhanced system (d) photo-enhanced (PECVD) system using a
three-zone furnace. Copyright 1983 Bell Telephone Laboratories, Inc. Reprinted with permission from Ref. [2].
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6. Film Deposition: CVD Process

Main gas flow region

>
>
. O
A
Gas phase reactions
s Desorption of
= @ volatile surface
\ reaction products
@ Redesorption
Transport L of film N d
- : UCICATION <l
to surface Surface PIeCursors island growth Step growth
diffusion
@ — >
S
ety s %
PSS G000 /S, o

B aHetE _
@ BEHZSARA Uz 380



6. Film Deposition: CVD Example: Poly-Si

*Low Pressure Chemical Vapor Deposition (LPCVD)
—25-150 Pa

*Thermal Decomposition of Silane
— 100% Silane

— 20-30% Silane in Nitrogen

SiH, —< 5 Si+2H,

— 100-200 A/min at 600-650° C
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6. Film Deposition: CVD Example: Metal

Tungsten - Thermal, Plasma or Optical Assisted Decomposition of WF,
WF, - W + 3F,

Tungsten - Reduction of WF, with Hydrogen
WF,+3H, > W + 6HF

Mo, Ta and Ti - LPCVD Reaction with Hydrogen
2MCI,+5H, - 2M +10HCI

Copper 1s Deposited by "Standard" Plating Techniques

SAHNSHD el mxd ol
HEHISATA HIE X SHO|E WS



6. Film Deposition: CVD Example: Metal:
Contact

a0 a1 Al

Figure 7.2

Figure 7.3

 Aluminum to p-type silicon forms an ohmic contact similar
to Fig. 7.2(a) [Remember Al 1s p-type dopant]

 Aluminum to n-type silicon can form a rectifying contact
(Schottky barrier diode) similar to Fig. 7.3(b)

 Aluminum to n+ silicon yields a contact similar to Fig. 7.3c

sAHSHD L o
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6. Film Deposition: Epitaxy (direct
deposition without precursors)

» Vapor Phase Epitaxy

e Liquid Phase Epitaxy »
. Initial substrate Epitax pilayer
— Compound Semiconductors o o
* Molecular Beam Epitaxy
— Compound Semiconductors

e [II-V Compound Semiconductors
— GaAs, InP, GalnAs, InAs ...



Part 2. Appendix:
MOSFET Process and Issues
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MOSFET Structure and Model

e S f———— MOSFET | ———+| f——MOSFET2—————
1 o Palysilicon gate "Field" oxide Al
g
—— Drain — b Bird's 50 5i0, 50,
A beak { nt ) [ nt ]
I (1) (2)
Metal |-4— Parasitic thick oxide —-I
(sec{il:;n 9.1.3)
e Source _C’; E ®
- i Drain —
r _* f“
4 _
A 1
il i Gate Bulk
/ H Contact T 'L{ S Vps
. L i ]
Active o — /
region Polysilicon Vas :;SB
Source T

A A A A
- p o e e |

(h)
Si0, Si0,

T B W S (W Vs -
R R =K, fI"cs‘Vm‘T Vos K=

p-subsirate

Vs > Vi V,y = threshold voltage
I |

T | Figure 9.1
ST
HIT=H3




Threshold Voltage and Substrate Doping

Density

2
/
n* polysilicon gate /
1
Xox = 10 nm
z
=) O =0
Z 0 —
0 — n-channel
___-——__
E
=
c \_—
) C—
L
¢ \ p-channel
=
-2
_3 1 1 Ll Ll Lil 1 L Ll L Ll Ll 1 .
101 101 10 107 108 10"
Substrate concentration. N (atoms/cm?)
Figure 9.2

Threshold voltage vs. substate doping

V2Ks£aNs @Aoe]+Va) 0,
C, c,

E
vnv =®,, _Z_,)_G+|¢F|
2q

2K £qN, (2 V
Vip =P, 1—2—— \/ €N, (o + S”)—Q""
q Co Co

Op = Eln(&)

q n,

®,, = metal - semiconductor work function
 =electron affinity

®,, — 7=-0.11V for aluminum gates

®, — y=-0V for an n* polysilicon gate

d, —y=+1.12V (E,) for a p™ polysilicon gate

Q,, =total oxide charge



Substrate Doping and Junction

Breakdown

1000 , T
Si one-sided
"--.\. (= ) abrupt j[::;lions
ro=10pm —_ [~=~a. . Ane
) M _”:_‘_-74/'—7:..\. === Cylindrical
100 ""=cp "N =====- Spherical -
I um i

A (300 K)

———— “w
- — Saale
U_lpm; - =
1] S S ~.

Breakdown voltage (V)

10" 10'3 10' 10" 10'%

Impurity concentration, Ny (atoms/cm?)

(a)

Cylindrical
region (C)

Plane region
Spherical region (S)

(b)

» Substrate doping must be selected
to support required drain-substrate
voltage

* Light doping increases breakdown
voltage

e Cylindrical and spherical

curvatures reduce the breakdown
voltage

FIGURE 9.3

(a) Abrupt pn junction breakdown volt-
age versus impurity concentration on
the lightly doped side of the side of the
junction for both cylindrical and spheri-
cal structures. ; is the radius of curva-
ture. (b) Formation of cylindrical and
spherical regions by diffusion through a
rectangular window. Copyright 1985,
John Wiley & Sons, Inc. Reprinted with
permission from Ref. [5].



Substrate Doping and Depletion

Layer Widths

]']_ T T TI

1.0

Depletion-layer width, W, (pem)

U]U - 1 1 | l | I = |
10~ 10-16 10~ 10714

( Vat Vhi)
“'VB

Voltage divided by impurity concentration (V — cm?)

Figure 9.4
Depletion-layer width of a one-sided step junction as a
function of doping and applied voltage

SAMHet
HIZHZSATA

NMOS transistors are
“self isolating™

However, depletion layer
widths limit minimum
device separation

Light doping reduces
junction capacitances



Threshold Voltage Adjustment
Implantation

Gaussian implant ((IQ‘_ Y

N, exp(—Zz) AVTN =L |—

Impurity concentration, N(Z)

Y = gN g
P e
4KS€0 ¢F‘

Figure 9.5

| | |
~1 0 I X 2
Normalized depth, Z

W =

substrate doping

e Threshold adjustment implants

TN provide additional variable that
./ Step allows threshold voltage to be
approximation designed independently from

J for x, <<ux,
C, 2x,

. Step approximation to a Gaussian impurity profile used to estimate
the threshold-voltage shift achieved using ion implantation



Threshold Voltage Adjustment
Implantation to get depletion mode
operation

Net impurity concentration (Np — Np)

[ 1 | M No

+ + — g
n \ n (

Donor implant

| Depth, x
(a) (b) Figure 9.6

e Threshold adjustment implant can create built-in channel connecting source
and drain thereby creating NMOS depletion-mode device (V5 <0)

* Depletion-mode devices significantly enhance the performance of
NMOS logic circuits and analog circuits

J

SISt L o
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Shallow Trench Isolation

Source Drain Drain Source ® Depletion layerS from

— 3 ~ ~
i ey G S S adjacent devices must not
o T, T merge
Depletion
layers
(a)
Source Drain Drain Source ® Shallow trenCh iSOlation
T = T T L T .
e Fl e reduces separation
L ——— 10 B e~ ] I

7 required between devices

Depletion
lavers

(b)

Figure 9.7
Isolation Techniques (a) Intrinsic (b) Shallow trench

J
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Lightly Doped Drains (LDD)

Resist | Poly I [ Resist
L J ( J
A /
P . "o ~
Oxide
o\ ol BT S oxe

LDD extensions

Figure 9.8
Self-aligned polysilicon-gate transistor with lightly doped source/drain regions

 Heavy doping in drain near edge of channel reduces
breakdown voltage of the device and reduces reliability

e LDD structure reduce drain doping at edge of channel



Mask Alignment Errors

g
Nominal

(a)

Figure 9.9

(b)

(c)

xandy

(d)

Levels must overlap by
at least one alignment
tolerance to ensure
coverage and proper
device operation

Figure shows various
possible misalignments
between two levels



Mask Sequence

Si0,

\

p-type silicon

(a)

fan) T }sio,

p-type silicon

(b) |

Thin oxide
!/

£
L JU ot ]

p-type silicon

(c)
N L] []
] ]
n' n'
p-type silicon
(d)
Source Gate Drain
‘! ‘\ \l El D
L n’ j L n' j D El
p-type silicon
NN N A S

(e)

BAMHet
= E

* One Alignment Sequence

1. Source/Drain - first mask level
2. Thin oxide - align to first level
3. Contacts - align to first level
4. Metal - align to level 2

Figure 9.10



Typical Design (Layout) Rule

o
557 7 iz g _I[ﬁ
g 7 EE} « Design rules for previous alignment
B ’ sequence
L il
53f_ Al ﬁf{
L B R
e e Minimum Feature Size F = 2A
r> -
. e Alignment Tolerance T = A
i
6 27
-
*l’l S Figure 9.11
@ BEHEENRA T H 2 0|2 1] (7] %)



Metal Gate (Classical, but currently used)

— 2\ p—
i
L

Metal-gate transistor layout
with W/L = 5/1 using design
rules from Fig. 9.11

16A

i
'L e Total area is 416 A2
e o e —  Channel area is 20A* (< 5%)
—~——— ~— ———
Sio SiO
o J J
K RN
— —
Figure 9.12




Poly-Si Gate for Self-align

I—D-
1
Gate
—— Drain
P
s
Metal
e Source
/ T [I Contact

Active
region Polysilicon

A A A
e P e M I

Source Gate

LIV B ) S
R
| p-substrate |
! 14A I
SAHHSH
HZH3ESAHAA

Si0,

] SiO;

Si0,

Bird's

/ beak

12\

e Polysilicon-gate transistor
layout with W/L = 5/1 using
design rules from Fig. 9.11
e Total area is 168 A2
e Channel areais 20A> (12%)
Figure 9.13
Hte X S8 ol & u | (71 F)



Electrical Isolation Issue

3.3V (1A% 33V ov
A a— . PP
n* | pt VLot ) ) pT
| \ P

e ———

—————————————————————— Depletion layer
boundaries

——— ————————————————— —— "

p substrate 5x 10'%cm?

n-well junction

e Figure 9.17 - Minimum spacing required to ensure isolation in an n-
well CMOS process

 From Ex. 9.4 in the book, the minimum spacing is
— 0.33um + 0.33um + 0.13um = 0.79 um

e Use aspacing of 1 um to include a safety margin



e The four layer pnpn
structure used in CMOS can
operate as an SCR 1f the
bias conditions are right

If the SCR 1is triggered into

Le, conduction, the “latchup”

condition, then destructive
currents can occur

e Must be avoided by proper
biasing and device design

SAHSH L o
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STI for minimizing Latch-up

- Tish SisN,
(T | l \‘/ p*  Shallow trench
\\ — — 1solation in a twin-
- well process
el el * Intercepts depletion
____________________ N layers permitting
tighter spacing

e Reduces the chance
of latchup
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Silicon-on-Insulator (SOI)
for a better isolation and Vi, reduction

e Two wafers can be bonded

Bonded interface Silicon wafer #2 L.
| _ together to form silicon on
15 c -
f msulator material
Thermal oxide Silicon wafer #1
interface
* Deep oxygen implantation
can be used to create a
N ~ buried oxide layer
— 1 (SIMOX)
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Silicon-on-Insulator (SOI)
for a better isolation and Vi, reduction

 Two wafers can be bonded
| - together to form silicon on
1 : insulator material

oxide Silicon wafer #1

Bonded interface Silicon wafer 2

* Deep oxygen implantation
can be used to create a

buried oxide layer
(SIMOX)
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