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i RIE: Surface Damage Mechanism
UG Btk ey

* Relatively high energy
. impinging ions (>50 eV)
reactive

oL ¢ produce lattice damage

radical ot L/
at surface
PR & PR .
* Reaction at these
film '\ damaged sites is
i N enhanced compared to
) Si > reactions at undamaged

I areas

Enhanced reaction over

|Resu|1': E.R. at surface >> E.R. on sidewalls

- RIE: Surface Inhibitor Mechanism
Y

| UCBerkele

SYALITLLY,

* Non-volatile polymer

layers are a product of
reaction
* They are removed by

reactive . . .
—>o ¢t 4 H0 high energy directional

radical . :
PR u l PR ions on the horizontal
surface, but not
film ksensenssend =

L removed from sidewalls
/ \ Si
(+) ions breakup\ get

the polymer layer reaction

no reaction

|ResuIT: E.R. @ surface >> E.R. on sidewalls
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ﬁn, Deep Reactive-Ion Etching (DRIE)

1" UGBerkeley

The Bosch process:
* Inductively-coupled plasma
* Etch Rate: 1.5-4 pm/min

* Two main cycles in the etch:
% Etch cycle (5-15 s): SF, (SF,*)

etches Si
% Deposition cycle: (5-15 s): C,Fg T‘
deposits fluorocarbon protective } y
polymer (CF,"),
* Etch mask selectivity:
% Si0, ~ 200:1
% Photoresist ~ 100:1
* Issue: finite sidewall roughness
% scalloping < 50 nm

* Sidewall angle: 90° & 2°
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& ~ DRIE Issues: Etch Rate Variance

Aspect Ratic

* Etch rate is diffusion'“m“’ed % 16 7.5 G0 38 30 25 21 18
and drops for narrow 2
trenches 5 178 1

% Adjust mask layout to B
eliminate large disparities g 128 e

% Adjust process parameters § 1 | with trench width ,
(slow down the etch rate o8 I
to that governed by the T T,
slowest feature) Tronch Width (um)

Semiconductor Doping

T

Doping of Semiconductors
U@BCQQLQ!l—
* Semiconductors are not intrinsically conductive
* To make them conductive, replace silicon atoms in the lattice

with dopant atoms that have valence bands with fewer or
more e~'s than the 4 of Si
* If more e-'s, then the dopant is a donor: P, As
% The extra e is effectively released from the bonded
atoms to join a cloud of free e-'s, free to move like e-'s

in a metal Extra free e-
: Si: Si: Si: -f~\:5i:p:
:Si: Si: Sic: Dope : Si Sie

% The larger the # of donor atoms, the larger the # of
free e-'s — the higher the conductivity

Copyright @ 2011 Regents of the University of California

ijﬁce . Doping of Semiconductors (cont.)
UGB FELEETE

* Conductivity Equation: charge magnitude
onh an electron

e|eC'"‘°“ elecfr'on hole density
mobility density mobility

conduchvny

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

:Si:Si:si: -B. :Si: B :Si:
. 0.

:Si:Si:Si:  Dope : Si Cs-_s/-
Dtiohi o il G

% Lack of an e- = hole = h*
% When e-'s move into h*'s, the h*'s effectively move in the
opposite direction — a h* is a mobile (+) charge carrier
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w Dopant Redistribution During Oxidation

1 UL B

* This must be considered and designed for when generating
any process flow, especially for transistor circuits, e.g.,
CMOS

* During oxidation, the impurity concentration at the Si-SiO,.
interface can increase (pile-up) or deplete, depending upon

. . . . the dopant type
DOpClﬂ'l' Red|s:'rr'|b-u1'|on Durmg * Whether a particular impurity depletes or piles up @ the
Oxidation interface depends on:

1. Diffusion coefficient, D (of the impurity in SiO,)
2. Segregation coefficient, m:

impurity equil. conc. in Si
impurity equil. conc. in SiO,

& Dopant Behavior During Oxidation %
B e L 1" UGBerkeley
* Segregation coefficient (m) and diffusion constant (D)

combine to determine dopant behavior during oxidation:

: - Dopant Behavior During | S—— orbe
Impurity m D in SiO, Oxidation [
B <0.3 (small)| Small | dePl- F/Si s“"f;me' pile up Si (p~hwg)
in oxide
. orbating
S depl. f/Si surface, depl. i
B (oxidation w/l-:s) <0.3 (small) | Large from oxide oxife Ve <
. pile up in Si, very little f actnd B e
P, Sn, As ) 10 (large) Small diff. into SiO, & oy [

Ga / 20 (large) Large | depl. f/Si, depl. from oxide

¢

.g., wet oxidation
where H, is present
as a by-product.

Kﬂﬂe\ oxidehion [? oome,

So large that it depletes
the dopant @ the Si ol A X, e % Si
surface despite

Copyright @ 2011 Regents of the University of California 3
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& Dopant Redistribution During Oxidation 4
" UGBerkeley L e e
0 I I I I Lo 0 ‘ I ! l 1.0
, B B (oxidation w/ H,) Ion Implantation
07(‘.)&& -Si Owide rejects impurity (m > 1)
wh ] Wf [T

il
D

tlum) xum)
P, Sn, As Ga
l . v'- .
i Ion Implantation & Ion Implantation (cont.
UL
| ugBerkeley " UgBerkelsy
* Method by which dopants can be introduced in silicon to Result of I/I G Damage —s Si layer at
make the silicon conductive, and for transistor devices, to si (: top becomes amorphous
form, e.g., pn-junctions, source/drain junctions, ..
g-. P17 J N_/ % B not in the lattice
so it's not electrically
The basic process: Charged dopant accelerated si— si —si active.
B+ B+ B+ B+ Br © high energy by an E-Field Ion collides with atoms and .
l l l (e.g., 100 keV) interacts with e-'s in the '(’"IQh Tempﬁm;ur‘e 2“""3“'.
Control t & lattice—> all of which slow aiso, usually do a crive-in
fl?r?er:o f:l;;:igl the <— Masking material it down and eventually stop diffusion) (800-1200°C)
dose. B B (could be PR, could be it. Si —— Si —— Si
ide, etc.
\ oxide, etc.) | | | % Now B in the lattice
X Si \Dep'rh determined b & elec'l'rlcalcljy activel
energy & type of do\{)an'r Si B Si (serves as dopant)
Result of I/I ﬂ |
This is a statistical process — implanted impurity profile can be
approximated by a Gaussian distribution.

Copyright @ 2011 Regents of the University of California 4
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A Statistical Modeling of I/I o Analytical Modeling for I/I
R L
Mathematically: 5
N(x) N(x) =N, exp —7(X_Rp)
Impurity / y Unlucky ions ’ Z(AR )2
concentration p

Area under the

impurity Implanted Dose = Q =TN(x)dx [ions /cmz]
distribution curve 0

One std. dev.
away —> 0.61N—

2 std. dev. For an implant completely contained within the Si:
0,14N
away — 0, b~ 0- ﬁZENpARp
3 std. dev.
away — 0.11N, 7 Ry Distance into Si material, x Assuming the peak is in the silicon: (putting it in one-sided

diffusion form) _ s, we can track the dopant front during a

R, A Projected range = avg. distance on ion trends before stopping D, =0Q ~ subsequent diffusion step.

2
AR, A Straggle = std. deviation characterizing the spread of the D,/2 (X_ R ) (AR )Z
P= dis'rr‘?guﬁon. I P N(x) = / EXp|:_ ° . Where (Dt)eff = °
eff

J=(Dt) 2(AR, f 2

& I/I Range Graphs & I/I Straggle Graphs

BHAGHETE e 8 1" UGBerkel:

*R, is a function of the
energy of the ion and atomic
number of the ion and target
material

* Lindhand, Scharff and
Schiott (LSS) Theory:

* Assumes implantation into
amorphous material, i.e,
atoms of the target material
are randomly positioned

* Yields the curves of Fig. 6.1
and 6.2

L] H .
=z S .I.DL For a given energy, [lgh'l'er e
: Acceleration energy (keV) elements strike Si with ®

(@)

Figure 6.1 higher velocity and penetrate Figure 6.2
more deeply

AN T T TTTTT

- Roughly proportional to ion
10—~ energy R a ion energy
(some nonlinearties)

* Results for Si and SiO,
surfaces are virtually
identical - so we can use
these curves for both

P

erie araggle

o

Projected range (um) | R
()

o=

Mormal and transv

0.002 1 1 e -
1] 1000

Copyright @ 2011 Regents of the University of California 5
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& & Diffusion in Silicon
'll‘_. 6 “UCBerkeley

* Movement of dopants within the
silicon at high temperatures

* Three mechanisms: (in Si)

6 QJ. ® e e
Diffusion “M ‘é@f (&)  Interstitial Diffusion
ity

i

°§® ®
soT@ ®
® ® @

* Impurity atoms
jump from one
@ @ @ @ interstitial site to
another

Subshfuhonal Diffusion In'rer-stmalcy Diffusion , . . rapid diffusion
* Impurity moves along ° Impurity atom % Hard to control
vacancies in the lattice r-eplaces. a Si atom in % Impurity not in
* Substitutes for a Si-  The lattice lattice so not
atom in the lattice * Si atom displaced to electrically
an interstitial site active
& Diffusion in Polysilicon i Basic Process for Selective Doping
rll@&&n@[&1= L
* In polysilicon, still get diffusion into the crystals, but get 1. Introduce dopants (introduce a fixed dose Q of dopants)
more and faster diffusion through grain boundaries (i) Ion implantation
* Result: overall faster diffusion than in silicon (ii) Predeposition

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

dopants

Fast diffusion through Regular diffusion //%_J

grain boundaries into crystals Drive-in

* In effect, larger surface area allows much faster volumetric
diffusion

Copyright @ 2011 Regents of the University of California 6
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Predeposition
ot E,M!I=
* Furnace-tube system using solid, liquid, or gaseous dopant
sources
* Used to introduced a controlled amount of dopants
% Unfortunately, not very well controlled
% Dose (Q) range: 1013 - 1016 & 20% e
% For ref: w/ ion implantation: 1011 - 1016 + 1% (larger
range & more accurate) Somt
* Example: Boron predeposition

==

Furnace tube

B,H
——/ 2 e «— Wafer

o Ex: Boron Predeposition
) —

* Basic Procedure:
1. Deposi'r B,O; glass

\

* Difficult to control dose

Q. because it's heavily Furnace tube

cross-section

dependent on partial

pressure of B,H, gas flow

% this is difficult to Q Less B
control itself concentration

% get only 10% uniformity

Gases —>
+ B,H, m A boat
dlborcne (Iner'1' gas:
e.g., N, or Ar) Predeposition Temp: 800-1100°C
i Ex: Boron Predeposition (cont.)
["UcBerkeley

For better uniformity, use solid source:

Furnace tube

P

—/Si Si Si SiSi Si
— wafer

Reactions:
Si + 0, > SiO,

" Boron/Nitride wafer
— 2% uniformity

Copyright @ 2011 Regents of the University of California

General Comments on Predeposition
“UCBerkeley
Higher doses only: Q = 10!3 - 10¢ cm2 (I/I is 101! - 1016)
* Dose not well controlled: + 20% (I/I can get + 1%)

* Uniformity is not good —

% + 10% w/ gas source jﬁ

%+ 2% w/ solid source

® Max. conc. possnble Ilmrted by solid solubility
% Limited to ~10%° cm-3
% No limit for I/I — you force it in here!

* For these reasons, I/I is usually the preferred method for
introduction of dopants in transistor devices

* But I/I is not necessarily the best choice for MEMS
% I/I cannot dope the underside of a suspended beam
% I/I yields one-sided doping — introduces unbalanced
stress — warping of structures
% I/I can do physical damage — problem if annealing is not
permitted

* Thus, predeposition is often preferred when doping MEMS

. ‘=’*-‘}Il'- -
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" Diffusion Modeling % Diffusion Modeling (cont.)
R UGB ML@U}=
N() &'t nlecarted Br e ih o ore-Mimensiond Bem :
) \—)3’ = Do’m.Jy £rom Ps«'hh’ of ‘u'g‘- Covc. move INGE) T (2)
Pbmh of low coc. o fluy T ot YT SNcA) S Next) Ficks 2% lae, of
X > Quectm: Whets Nixt)? (Z0) and subslthde C)in ()} S55-< D TE | viffasion in 1-D
T fen of His
Fick's law of Diffusim— (12 low) Sohebionst —> dependen] Upom boundory condibons
.J[‘X: t) = - h B aN[q{'ﬂ m S wse yarickle anﬂa'bb\ or kplau Xform H”’{WJ‘
-ﬂw [#lent-s] D ucin CoctBoiont Case 1: Predepssihion — emshut owee diffucian - surfuee cocontation Shays
| ‘g(m J 4o Same dunnj Ho diffusion
Combinutly Equation for Parficle Flux - surface ﬂﬂ o mpurity ame £t <t
Geredl B aype) o o W'm,f\, N hghT (0%, < Dyta< Dyty)
:t ; V;\'J W (‘mplewe'rliry e mn funcfion Pﬂﬁe
e of incremse  Yiegative of o divergene badkganed — NG | I NN _
Iy Q . -
of come. ot time sf particle flux me: o "fw. «, Aistane £ surfac
,,;;, Diffusion Modeling (Predeposition) & Diffusion Modeling (Limited Source)
I U Berkeley 1" UGBerkeley
= f phtlod on @ lingur soale, coould loak ik #ir: Case2: Drive-in—> linlod souee difbusion, 1.e, cmstant dose &
Nbx)
= Bound . i "o(“"T &
@) Nlo,t) >N 5 - Nobta) N\ £,
(‘_‘_) N[oo,f)=6 } N(K,f) No [-l 11-5‘ 7J3] Nolf;) -(:3
l " ‘ Ne TN
Nlxst) * No et (zm) =a543n Comr(onwrfmy emn fanchion X, distare €/ Ho Surfoce
(recd fubles or 54‘3’:“)
= &w@ Condidion :
Dose, @ & tehd 2 of impurity atmas per unit area in o Gi (§) Neo )= o /" Why? Constont Dose: cndh
= area undey fe cune = Nor) o lrnear Scale i) aﬂ(m)l _ [2 Mx o= Q €
N 7;& -2 Ix %eo
@ f:Nw,{)d-x > | @) ko T o K o ?’?a:t_‘::a as N— Tl 5 equivalert 4o caying Tt Hare's mo e
ry : i uzhr% curve! ( going out of 4o §i, ie, N
F@ 2 characlenstic diffunm Ieaqﬂj //// and Hal's what Jo0 ‘\
4 this saye!
e x x
&

Copyright @ 2011 Regents of the University of California
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;: Diffusion Modeling (Limited Source) Two-Step Diffusion
UCBerkeley ILGIE.QML@U=
OtB Usvalky meke des en. dppox.+ Nix,0) = & §C) * Two sfep dlffuswn procedure:
= we can do this, becauie for sellcledy lony ffusion fimes, ne mafier Lot % Step 1: predeposition (i.e., constant source diffusion)
Ho ongind -"Iﬂf-( of Ho dopant dishibickan, Ho difisced lishbuabon w3l o & Step 2: drive-in diffusion (| e., limited source diffusion)
fane N * For processes where there is bo1'h a predeposition and a
drive-in diffusion, the final profile type (i.e.,
Get Causign JMI’"'LM 2“‘:’;@;:"%:“&#/7 Eé complementary error function or Gaussian) is determined by
N(-x,tl erp (iT' ] Couition o A which has the much greater Dt product:
%
Nex) Oy o #0 (Ot)predep > (Dt)grive-in = impurity profile is complementary
e a error function
"/ f,-uﬁle is cm’(eklv (W"amd .
W4 o S‘,
Y " (Ot)irive-in » (Ot)yreqep = impurity profile is Gaussian (which
.// drive-i rede purity profile is Gaussian (whic
QI' = hek€ o implant dose " R s usually the case)
& Successive Diffusions & The Diffusion Coefficient
["UGBerkele EUE=m [ Y
* For actual processes, the junction/diffusion formation is only
one of many high temperature steps, each of which D=D.expl — EA ( | Arrheni lationship)
contributes to the final junction profile =L €Xp as usual, an Arrhenius relationship

* Typical overall process:
1. Selective doping

« Implant — effective (D), = (AR )2/2 (Gaussian) Table 4.1 Typical Diffusion Coefficient Values for a Number of Impurities.
* Drive-in/activation - D5t — ,5,.(;\%(49 e, T 2
2. Other high temperature steps i Element Dafem’/sec) ExleV)
* (eg., oxidation, reflow, deposition) — D313 D14, - B 10.5 3.69
«Each has their own Dt product Al 8.00 347
3. Then, to find the final profile, use Ga 3.60 3.51
In 16.5 3.90
_ P 10.5 3.69
(Dt)tot - z Diti As 0.32 3.56
i Sb 5.60 3.95

in the Gaussian distribution expression.

Copyright @ 2011 Regents of the University of California
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i Diffusion Coefficient Graphs W Metallurgical Junction Depth, x;
[ uC;Berkeley " UCBerkeley
- 100 o O Interstitial Diffusers
tos (R ——— % Note the much higher diffusion
! ol coeffs. than for substitutional x; = point at which diffused impurity profile intersects the
SIU:::II"T%X& | 1o+ _]NOIIO[IIDD;H“;;O“IH;O(O‘CI 00 bGCkgr'ound Concentro'ﬁon, NB
T T T 1

= Diffusers = ‘ — T

) ‘ Log[N(x)] Log[N(x)-Ng]
k] .
:Em'— 4 N ;'9" p-type Gaussian No-N, Net impurity conc.
3 - p-type
% . . \ ;‘9" n-type region
€ o
E A‘ Ne \ Ne n-type region
. =
o il / x = distance ; x = distance
X; f/ surface X; f/ surface
Fig. 71 |
o e — L )
& Expressions for x; % Sheet Resistance
| UCBerkeley 1" UGBerkeley

Sheet resistance provides a simple way to determine the
resistance of a given conductive trace by merely counting

the number of effective squares ohinr per S
* Definition: per Sgiare

X 2 N =££-= -ﬁ‘-L—= = ./
N(xj,t)z N, exp _[ZJ:D_tJ =Ng - xj:Z/Dtln(N—‘;j < R //.\ jge)w 7‘5(,,,,) a/p

A w/ t (Artw] et B unit squares of pakriad
esising 11 #a redsfor

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

* For a complementary error function profile: w .
uni-Foth\, JOfaJ walerns{ 9 > — §0' of maleried
X N wl N’J‘b‘hvd‘7 'a: %‘r 23 - ReR
N(x;,t)=N,erfq —3— |=N x. =24/ Dterfc ™| —& ) ¢ T RERYS
bt} (2\@] S No - Comhciity  4(uun )

* What if the trace is non-uniform? (e.g., a corner, contains
a contact, etc.)

Copyright @ 2011 Regents of the University of California 10
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i  # Squares From Non-Uniform Traces i+ Sheet Resistance of a Diffused Junction
" UCBerkeley " UGBerkelsy
b % 54 2 * For diffused layers: Majority carrier mobility
T .. 3 Iw Sheet Effective Net impurity
5 resistance resistivity concentration
' = w \ /—)/ N ] N / A
e Ry == I Yo(x)dx | = I "N (x )dx
==} W e X (o] 0
—_> Commer « 0.56 @ j /
—|
043 s [extrinsic material]
-
LA * This expma:ssionJ neglects depletion of carriers near the

junction, x; — thus, this gives a slightly lower value of

L4 N resistance than actual
w T w X | | .
I'f ; * Above expression was evaluated by Irvin and is plotted in

“Irvin's curves” on next few slides

""'?' ket % Illuminates the dependence of R, on x;, N, (the surface
I 0.14 mpmcs I 035 wpemmes concentration), and Ng (the substrate background conc.)
] [}
& Irvin's Curves (for n-type diffusion) & Irvin's Curves (for p-type diffusion)
" UGiBerkeley " UGBerkelsy
E).«xmple. p-type ey - E{(ample. n-type
i Given: 3 Given:
7 N = 3x10%6 cm-3 [ 4| N; = 3x1016 cm-3
: N, = 1.1x10!8 cm-3 EONN—ee 0™ E N, = 1.1x108 cm-3
1 (n-type Gaussian) i 0 3 (p-type Gaussian)
| X, = 2.77 pm | x;=2.77 pm
3 Can determine these E 3 Can determine these

given known predep.

given known predep.
] and drive conditions

and drive conditions

dopant concenration, ¥ fatomaicm’)

Suniace dopast somcemzation, Ny [iommice

Surtace

. Determine the R,. © Determine the R,.

,,,,,,,, — s X n-" perpe i 5 .
Wsing Fig.7.7: ! E i 2 ltsing Fig.7.2:
3
[ Rs %= 470 s pum I Fig32 R:'Kf oo - em
VI P S o r R0 e
\ e reveance - jesct L © . RS' 2—._'77: 17652 Jg S - S e, o e e ST Iat 289s/0

1
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