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OXIDATION
For dry oxygen: For water vapor:
S5i+ 0, — 5i0, Si + 2H,0 — Si0, + 2H,
Mo (e OVLDJ QLASJ‘\)
Schematically:
56% SO - . 2"LM \ecvlcl 0"‘3
-"’ High T (~900°C - 1200°C){ 2 Ve 2 3; 0 / )
Si Wafer e
In dry O, l\ S\: — Se a’lb»d/&rh
or
Water vapor O \/5;01 :2.‘/63‘ \IS\
(1) Initially: (no oxide @ surface) l coa e &
gas slfmo.m 1 1‘ %~ ) ‘?
- % Growth rate determined by ﬁ < 1, _" '
Si reaction rate @ the surface ? l Nhe
Sﬁ
(2) As oxide builds up: &’:P’ ce
gas sTream
4
. - _— Reactant must diffuse to S5i
oxide " | cynrface where the oxidation
Si reaction takes place

% Growth rate governed more
by rate of diffusion to the

silicon-oxide interface

N< reactant concentration

Si Mg = reactant cone. at exide surface [in em-2]
Ng

M, = reactant conc. at Si-Si0, interface
aN{x, Fick's 1=
J J = reactant flux = — D (1) [L.:w of
M dw . :
' Diffuzion)

X Diffusion cocff.

[in pm/hr or m/z)
» distance
1 1 fram
surface  5i-5i0, interface surface
N_ —-N
In the 5i0,: | J= DM = constant (1)
1\ Xm- K‘“A::umpﬁoﬁ that the

reactant does not

*,
[in # particles/(em? 2)] accumulate in the exide.
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At the Si-5i0, interface:

e s, Ad sleady ke
Oxidation rate ;o N, . J = N, == | J= & k. N, ()

Reaction rate constant
Combining (1) and {2] @ Si-5i0, interface

[_M, =k—::>J=D

‘ $S OK

JX g = DN, _ic_, N J‘:' Xy +§;| _DN, A/ P

J :Lrﬂﬂz Flux of reactants X0¥ -+ A XDX = 6(%1’2\
k_ ;m‘4t‘al mA\)‘hee\

Result: t‘\O - Xox )(l
additional time required i
A /< @ éoe:»c\S

time required to grow *X:'
{_1_"' go from X,- —> X@;{ /[X,- = initial oxide thickness]

— ) :
Xm(f]—ﬁ;wlzah r}} —ll- the B""‘il" condition
- 1 [ .o ’Yem‘)cf«'fufe
where _2D _X_1 X,
' B ' (B/4)
2DN, b e _Ex
B= v D=D, P( I

! N AN \
i.e., D governed by an Arrhenius ﬂ 0/;(14:!( O‘Va\/‘"“j (s
relationship — temperature dependent ol beH

For zhorter times:

oxide growth

|:(f+1-) o £:|:> Xar(r)zfﬁ](f+f):> limited by reaction
4B |,_,§{

at the 5i-5i0,
interface oL ! t
Taylor expansion (first X linear growth rate constant X o X \L
term after 1's cancel)

For long oxidation times: oxide growth diffusion-limited

{(Hr)}}‘i}jxwﬁ) JB(t+7)~+/Bt
4B A

f==T Parabolic
rate constant

&

Discussions Page 2



Monday, February 23, 2015 12:29 PM

EVAPORATION AND SPUTTER DEPOSITION

Filament Evaporation System: 1

e

. Pump down to vacuum

— reduces film
contamination and allows

* -

Y better thickness control
W 2. Heat W filament — melt
Al, wet filament
3. Raise temperature —
w filamenf ‘\R\““ evaporate Al
Al staples
] kT
«— 2| —meanfreepath="A=——n—
W27 Pd”
1 Vacuum |
Pump
\ wnfer / Boltzmann Constant
temperature

prezsure

diameter of gas molecule —_ F
& open
* A can be ~60m for a 4A particle at 10~* Pa (-0.75 pTorr)

% thus, at 0.75 pTorr, get straight line path from Al
staple filament to wafer

[ = M = P
mm gn

Problem: Shadowing & Step Coverage

Source

4% ——— Problem: line of sight deposition
Get an open .’ Solns:

e sy, \ i. Rotate water during 5uu
m evaporation
ii. Etch more gradual
sidewalls

Better Sclution: forget
evaporation — sputter
deposit the film!

* Use an energetic plasma to dislodge atoms from a material
target, allowing the atoms to settle on the wafer surface

/ la(‘%’ e ﬁ;‘ﬁi_}g—ﬁ lm f{*oVeJ

Not as low a & Target st
vacuum as (Al, 5iQ;, SizN,, <
; Zn0, Ti, .) cover oge

evaporation
(~100 Pa) S
(750 mTorr) plasma >\ ‘L less

\ Aectional
Vacuum |

Pump 7
4|—\ wafer /
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CvD

* Even better conformity than sputtering
* Form thin films on the surface of the substrate by thermal
decomposition and/or reaction of gaseous compounds
% Desired material is deposited directly from the gas phase
onto the surface of the substrate
% Can be performed at pressures for which A (i.e., the
mean free path) for gas molecules is small
% This, combined with relatively high temperature leads to
- T

— > i

Excellent Conformal
Step Coverage!

% Types of films: polysilicon, Si0O;, silicon nitride, SiGe,
Tungsten (W), Molybdenum (M), Tantalum (Ta), Titanium
(Ti), ..

Reactant gas (+ inert diluting gazes) are

introduced into the reaction chamber

\
N\

Haz species move
(a) +o ihf cubstrate as Flow - Gas Stream

“ Reactantz adzerb

Atomz migrate (b) onte the substrate

and react () / (2) '\\‘

*:h"“i*:_“”? *ﬂ\ﬁ\_ [d} [c][d} /'/' Reaction by-products
form films dezorbed from surface

+

Thiz determines ‘!: Wafer

:::-F:::::Io::-:r of Energy required to drive reactions supplied
the film (i.e. by several methods: Thermal (i.e., heat),
determines step photons, electrons (i.e., plasma)
coverage)

Step-by-Step CVD Sequence:

g Ea a) Reactant gases (+ inert diluting gases) are
" introduced into reaction chamber
EE— b) Gas species move to the substrate
& 8 7 c¢) Reactants adsorbed onto the substrate
d% Atoms migrate and react chemically to form films
This determines to a large extent whether or not a
film is conformal (i.e. better step coverage)

sassadoud
330 Juns
e

Mot Confermal Conformal

lew T High T
not enough adatem migration Plenty of adatem migration

\ e) Reaction by-products desorbed and removed from
reaction chamber
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Concentration
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Simplified Schematic:

i
Distance j/

orowth rate = - _ — =
# moleculesincorporated/ umt volume N

N,

surface

12:38 PM

M_ = cone. of reactant molecules in

the gas stream

M, = eonec. of reactant mo
the surface

flux of gas molecules

J
surface
J

= flux of molecules diffusing in

from the gas stream

flux

l1//ﬂL: Q’LL-L
b
lecules at 36 :"‘6 (Nﬁ PNS)
at the ‘IS - k,g '\)S
TeaTe - T
he (My-Ms) = LoMs
- he NS =~ Nellec+hg)

f

R < heg

he ¢ D (g Al . const.)
D= 0,127

P Yl

>R < T

Discussions Page 5

kh, N._ N,
= £ _| = e ={ic_| .I}a\,l = = growth rate = j = k S L\é Nj
N k,+h, N s .-"»"\ T
W k < -HL A
a"’oMV)( 5
ob\SHJ ° (ou"}\,\ e = _— '—‘(k!//l's),&_
o f the i & M
{g,:;t;h Mass Reaction Rate d:‘ l/\
Transport Limited Regime 1’_5 / / _j
Limil'red J T I
Regime K Slope = —%PN 7_7‘2 -> L ﬁ
; -
/ Arrheniuz behavior K o< k < =
> 1
il £ 9
T -
Dep. Rate less dependent on T, here ‘NWMF‘““”M k ¢ = Lo Q;g") LT
% for better control, better to
operate here (@ higher T) £, /ET
SR e
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LITHOGRAPY
Four Main Components — L. Radiation Source
(that affect resolu‘l‘mn) O L_) g
Designated pattern / ‘ T Mask
. Mas

(clear or dark field)
", *.,
emulzien  chrome *— Mask (glass/quartsz)
% Generated ‘L J l Photoresizt
from layout T (~1pm=thick)
)" LSS A S AL SIS S s
III. Photoresist

Film to be patterned

(e.g., pely-5i)

IV. Exposzure System — contact, step and repeat
optics—» this is where the real art is!

The basic Process - (Positive Resist Example)

Exposed PR—— converts light

to another form after l l l l l l l l

reaction with light

(e.g., (+)-resist: 5{'\&5‘4—
PR ?:H ; /

Dip or spray wafer with  Film =

developer —if (+) mzsns-r,l,

developer is often a base PR ‘————-;-M M
Film—>* £

Etch —>PR protects ...
film; open areas of film
get etched F.m.-—*M M

Remove
PR
MNegative Positive
Mechanism: photoactivation photoactivation

l !

Polymerization

(long, linked Carbon Converts exposed PR

to organic acid

chains)
l |
Developer solvent Alkaline developer
removes (e.g9..kOH) removes
unexposed PR acid
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ETCHING

* Removal of material over designated areas of the wafer

* Two important metrics:
1. Anisotropy

2. Selectivity
1. Anisotropy -
a) Isotopic Etching (most wet etches)
d
—
PR p PR
T § ~n _-EJ Jth
S >

If 100% isotropic: d; = d + 2Zh
Define: B = d; - d
If B = 2h = isotropic 6:0

2. Selectivity -

Only poly-Si

™ PR :
m «— etched (no etching
Poly-Si Igf:': Poly-Si of PR or Si0,)
Si0, —_— Si0,
Si Si ﬂ
Actual —————— Perfect selectivity
Etch

#"_ PR partially etched

[Pely-5il____ - Si0, partially etched after
some overetch of the polysilicon

Wet etching: dip wafer into liquid wafer

solution to etch the desired film ,|,—-—'—"“‘h

% Generally isotropic, thus,
inadequate for defining
features < 3um-wide

l

oy
™

R |,

[
=\

']
™

* General Mechanism - Si

o «— Reactant 1. Diffusion of the

surface
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- égti - QV\\\&D{:{:PJC

}Solwn-r bath

reactant to the film

s Reaction
o products surface
/ 2. Reaction: adsorption,
[er] % [Pr]

Film to reaction, desorption
be —> 3. Diffusion of reaction
etched Si products from the

g: &&d/\ fa&Q # do
%l‘ 0 2 e‘tcx"'



Silicon Wet Etching
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(100) plane
I
¥

[110]

«1103 plane L )

@ coordinate T = (100 to 'I'hisrvcciar I cﬂ-ﬂir'c:{mg:l-a
(1.0,09 (1. L )
+100> plane L defines
ta this vector vector

* Silicon has the basic diamond

structure

% Two merged FCC cells offset
by (a/4) in x, y, and z axes

% From right:
# available bondz/em? <111>
# available bonds/em? <110»
# available bonds/em? <100>

Increasing

T
@ coordinate
(1.1.1), <111 plane
1 to resulting vector
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(110) Plane
(110) Plane [110] Direction
(100) Si Wafer / o
\ o
X 1 §
) o
' 5
IS \ \ =
S -
é'.. | \
5 \
> \
E \
[110] Direction
<100> /_\>
U _ Dk e
seceece (XXX XX] coo0o00e ceeo0ee
decccee XXX X] c0000000 co00000e
deccccee XXX KR c00000000 00000000
¢ececccee eeecoccced 6000860080 00080088
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Can get the following:
(111> 100> Si0,

e
L\ | |
ﬂ——:&:\!_}/ \'/_F (on a <100> - wafer)
Si

sio,
110> A1l /7

Si —> Quite anisotropic!

(on a <110> - wafer)

DRY ETCHING

* Physical sputteri
Y P " All based upon

* Plasma etching
plasma processes.

* Reactive ion etching
(+) ienz generated by
inelastic colliziens with

RF (alzo, could be pwave) cnergetic e s
| 3 ]__ Get avalanche effect
— i bacausze more e 'z
[ | = Develop (-) biaz) come out az cach ion iz

generated.
“"“P‘|EL'.:I'I'I.G (partially ionized gaz composed of ions,

&'z, and highly reactive neutral species)

(Hllllllle-fmud
[ | *— wafer
[ |

L

Develops (+) charge to, ", (+) ionz will be accelerated
t compenzate For:) } to the wafer

Discussions Page 9
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* Relatively high energy
impinging ions (>50 eV)

reactive > o o produce lattice damage

" '+
radical T at surface
PR PR _
* Reaction at these

film e damaged sites is

, \\ enhanced compared to
//‘5' reactions at undamaged
fr
F

. areas
Enhanced reaction ove

Result: E.R. at surface >> E.R. on sidewalls
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DOPING

* Conductivity Equation: charge magnitude

G . r,;/un an electron
Q! s qt pP\hm

elcc'rr*oﬂ electron hole densit
mobility density mebility Y

condu-:ﬂwhr

* If fewer e”'s, then the dopant is an acceptor: B

'si:si:s: B . Si: B SN
s s e . o O L e
1S 8 S Dope :5.‘:[5.*:5i:
e ol G

% Lack of an e~ = hole = h*
% When e's move inte h*'s, the h™'s effectively move in the
opposite direction — a h* is a mobile (+) charge carrier

1. Introduce dopants (introduce a fixed dose @ of dopants)
(i) Lon implantation
(ii) Predeposition

2. Drive in dopants to the desired depth
% High temperature > 900°C in N, or N,/O,

* Result:
dopants

B —

Drive=in

1"'J.'!'C]'
T \-—JT =5 bhruqﬁ- £ ‘pamfr af LEJ-. e LT
N Pbmfr of low come e fuy T
= Quehn: Lhetr N t)
T fen of Hira

Fick's law of Ditucim= (12 law)
Tlx,t) = - f Y 0
P “\M.
fhey {#’fch‘-r] Diffusiay Coefhclent

Continuity Ediua‘h'p-‘%r Parficle Flux -
Genend Form: A - s
o N
-?.
fade of jncrraie  MEGative of ""'#d“*ﬁﬂg?ﬂ'ﬂt
of conc. ot time of parficls flux
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= (ue'e wlverded foc nne ih Po ore - dimensiond bem :
INEE) 3T

: (z)
ot % Fieks 2% Loy, of
if‘l’fgiﬂ
&; (1) and subshibde () in (1)]= Q‘N&q =D an ED"{F“T"H i 1-D ]

Solubions: = Aependen Upm Eoumlar? ComeliHlowr
“ e yariskle separatie, or lsplece Werm 'iﬂ:‘lm'-iw.r

Care 1 Iurea‘e?u.rﬂip.\ —s Cnchint roucee deffucian - surfoe corceontiafion Sy

Ho fomwe dunn Hho ciffus
surhae Mol o T T " tetiet,
Cove. Sy h'nj!T (0t <Dt < nz'{:a}
3 — Camplemeany o Funchion profile
AN .
%, distang {f surface

= f an‘fhn‘m a lingar realle tosuld look like Hir. N i
s
= M@f-@:ﬁﬂ: - B s

i) Mfﬂ_,{'] = My . L 2Tt ens P
(i) wiso, £} © E N 4) N"ﬁ "'Lr Cﬂ‘u?]
H k(=
gkl » No e Ez_m) ﬁ'&ﬂlln pr-hr?m Faniction
(reed 4nbes or gangh)

Dose @ 2 Aohg 3 of iimpunty cimas per unit avea in fhe &
= grea unden e clne i) linegr Sealy

& fncrin R ot

. Square 15 Sewe as
\lu'ﬁ: 2 chamclenishe AFunm fevghs [

U ynder o curve!

Case 2: Drive-in —= liwgiled ume diffugion, i.e, comctant dose @
h Nl

Mo £ W
Mo bta) 44 £,
Nolt;) £,

Ne [T VN

x, d:?!’aw: £f Ho surfoce

(i} Wiso,£1: 0 /—’ Why? Conrtont Doge:
(i) Jwa;'t][ . 2 My s Q
ax Kb 0 °

M Thir i W}ugle-rf o raying Hat Hare's mo fhox
ging out of Ho 51 2

ie, Wix)
e ety what J_;*E
this sayr! x
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._r;.f.}-..j Urvalhy make deln fon. dpprox . Nix, 0)= & ()
= we cando Hhis, because for nefficiedly lmy ifiucion fimer, ne mater ohat
s nigind J‘u‘u of e d‘ﬁ)&-ﬁ! i e buin , He difused oliribidfion will ko
Favea W 1

L] 1] -$
IGE'} Gﬂh’ﬂmﬁ D'I'}"’LHM ;Tjr-;n‘h‘:ﬂhiﬂ ) N(\)‘t) = _O__ e/ q 'S \\ \’\
Next) - Q‘P{ x drive
., o T Ot e

Y O (“hon Ko shoding omc. %
¢ Z F""HE is complelehy Cotained
:/ uﬁ%?#ﬁ ”
7 . 2 ,qu%wf.nirm

* Two step diffusion procedure:
% Step 1: predeposition (i.e., constant source diffusion)
% Step 2: drive-in diffusion (i.e., limited source diffusion)
* For processes where there is both a predeposition and a
drive-in diffusion, the final profile type (i.e.,
complementary error function or Gaussian) is determined by
which has the much greater Dt product:

(Dt)predep » (Pt)drive-in = impurity profile is complementary
error function

(Ot)drive-in » (Df)predep = impurity profile is Gaussian (which
is usually the case)

* For actual processes, the junction/diffusion formation iz only
one of many high temperature steps, each of which
contributes to the final junction profile

* Typical overall process:

1. Selective doping Th Qf[VlOI lobcljd,
+ Implant — effective (Dt); = (AR )¢/2 (Gaussian)
* Drive-in/activation — Dt g U)‘U = Z (D‘b)i
2. Other high temperature steps e(r ( cclive loo L
+ (eg., oxidation, reflow, deposition) — Dit3, Dyty. S.erb
+ Each has their own Dt product
3. Then, to find the final profile, use

. . E;)
— D=D ex -4 (as usual, an Arrhenius relationship)
(Dr,}mr = E Dr“ri o &3P kT |
i
in the Gaussian distribution expression. Table 4.1  Typical Diffusion Coefficient Values for a Number of Impurities.
Element Dylem’/sec) EleV)
B 10.5 3.69
Al 8.00 3.47
Ga 3.60 3.51
In 16.5 3.90
P 10.5 3.69
As 0.32 3.56
Sb 5.60 3.95
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x; = point at which diffused impurity profile intersects the
background concentration, Ny

Log[N(x)] Log[N(x)-N,] /’12‘ ,
N ¢.g., p-type Gaussian "~ Net impurity conc. Gy\ \
7] / Ng-Ng 8( N + >
-1‘ I -
- N=Type Fl:eg\frgn - ‘De

N, . Ne T n-type region .

/ % = distance /‘ ® = distance

X; f/ surface X; f/ surface

* Assuming a Gaussian dopant profile: (the most common case)

X; i I N,
N{xj.r)=Na exp| —| ——=| |=Ny - x;=2|Dth
' 2Dt S| Np
——

* For a complementary error function profile:

i A
(r a‘]—N erfs =Nz - x; —-w.,Drerfc [ Ny
-'\. DT I 'l\"?lI"‘I

e

For diffused layers: Majority carrier mobility

Sheet Effective Net impurity
resistance resistivity concentration

— / -1 -1
e 2t [ ]

X j

[extrinsic material] &\ ke .J LR

4 #hes)

IRVIN'S CURVES bL .Z
% Illuminates the dependence of R_ on x., N_ (the surface
concentration), and Ny (the substrate background conc.)

IO - UPQ \'m\l& '30\055\‘00 WM‘\‘\M . —
n- ’\“')O( L“\ft ~W\\M 2 »
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Surface Micromachining
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Nitride Sacrificial
Isclation § Interconnect Oxide
Oxide Palysilicon ;’
1

/
\ | / *
AR S |

) .

Wafer

Structural
Palysilcon

Hydr‘ufl uoric
Release Standing
Etchant Palysilicon - -

Eter.un

Cross-sections through A-A'

Isolation Imtercomnect

Oxide Palysilicon N;r'ida
= £ !
Photoresist

i_
[ren st |4

P

* Uses IC fabrication
instrumentation exclusively

* Variations: sacrificial layer
thickness, fine- vs. large-
grained polysilicon, in situ
vs. POCL;-doping

300 kHz Folded-Beam
Micromechanical Resonator

* At Left: Layout for a
folded-beam
capacitive comb-
driven micromechanical
resonator

* Masking Layers:

1:* Polysilicon:
L] POLY1(ef)

Anchor Opening:
i ANCHOR(df)—
2rd Polysilicon:
B POLY2(cf)

Capacitive comb-drive
for linear actuation

A\______..---— Folded-beam support

structure for stress relief

* Depesit isolation LTO (er PS&):
% Target = 2um
% 1 hr. 40 min. LPCVD @450°C
* Denzify the LTO (or PSE)
%L Anncal @950<C for 30 min,
Depozit nitride:
% Target = 100nm
% 22 min. LPCVD @800-C
* Depasit interconnect polySi:
% Target = 300nm
% In-zitu Phosphorous-doped
% 1 ke, 30 min. LPCVD @650=C

* Lithegraphy to define polyl
in+w;cmc+= using the POLY1{ef)
mas

* RIE polyzilicon interconnects:
% £Cl,/He/O, @300W ,280mTorr

Remeve phetereszist in PRS2000
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Oxide Hard amn
A AL TR Y
_\'LJ'( 111t r*
-\ [ R R

* Stiction: sticking of released
devices to the substrate or to
other on-chip structures

L Difficult to tell if a
structure is stuck to
substrate by just looking
through a microscope

* Residual Stress in Thin Films
% Causes bending or warping of
microstructures
% Limits the sizes (and
sometimes geometries) of
structures
* Topography
% Stringers can limit the
number of structural levels

* Hydrophilic:
% A surface that invites
wetting by water

% Get stiction |

1‘ Wafer
Hydrofluoric
Release
Etchant
Free-Standing

Polysilicon Beam

s -

St .
| &

&

Stiction

Ty

Lotus Surface
[Univ. Mainz]

% Oceurs when the contact
angle 6,,.. < 90°

Hydrophobic: |

% A surface that repels

wetting by water
% Avoids stiction
& Oceurs when the contact

angle 6, .. > 90° |
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Wetted Area F «— Force Applied to
ey Maintain Equilibrium

Microstructures |, A

RN, DU S ——

Liguid Layer

/Thickne&s

Contact
Angle

* Thin liquid layer between two zolid plates = adhesive

* If the contact angle between liquid and solid 8.<90°:
% Preszure inside the liquid iz lower than outside
% Net attractive force between the plates

* The pressure difference (i.e., force) is given by the Laplace
equation

Wetted Area F +— Force Applied to
~a Maintain Equilibrium
Microstructures

Liquid Layer

‘/ Thickness
lg

Laplag Equabim®  5,rfice Temdon@ ?_AX{ wsﬁc

. T = e LME_ kir Tolfoce F R
P T R of Curvahe of e -fx
ﬁﬂ.ru-E Diffecre @ ¥o  Henmiswus (&3 if concane) ,...)(
I'-Ifg“l" tir Tnlerfoe o Foraa rapeled 4o keep
9/2) copo po T | e plder apart
T co=(9, ]:':‘ F _-ﬁﬁ'“ 4 = (4 fprg means g . \9'\
(- Lﬂ'ﬂ'ﬂﬁ precture - S'\\‘O

—> F = —Q;A X\o\ COSQC FS

3
TFM? k)é

>
3

l Lx s
3 $ /// ‘LfS o { _> X
J77 777 '[

Jf hal PQK}'HM
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STRESS

* Under tensile stress, a film
wants to shrink w/r to its
substrate

% Caused, e.g., by differences

in film vs. substrate thermal |

expansion coefficients

% If suspended above a
substrate and anchored to it
at two points, the film will
be "stretched" by the
substrate

* Under compressive stress, a
film wants to expand w/r to its
substrate

% If suspended above a

comprezzive film

buckled

substrate and anchored to it
at two points, the film will
buckle over the substrate

¢ Variation of residual stress
in the direction of film
growth

e Can warp released
structures in z-direction

TOPOGRAPHY

* Degradation of lithographic reselution
% PR sztep coverage, streaking

* Stringers

lents
e A

% Problematic when using anisotropic c'l'chmg e. g RIE
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