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?’; Silicon Crystal Orientation o Anisotropic Wet Etching
UCBer Blﬂ . 1 UL B L

(100) plane (110) plane . . . . .
2 Anisotropic etches also available for single crystal Si:

y % Orientation-dependent etching: <111>-plane more

densely packed than <100>-plane

> [110] . E Slower E.R.
f poo;  <110> plane L x coordinate aster E.R.
X . X
@ :(;claogd(l:;'u)afe .r to this vector 1,1,0) @ coordinate \ Y /
<100> plane L defines (1,1,1), <111> plane ..in some solvents

to this vector vector L to resulting vector

* Silicon has the basic diamond
structure One such solvent: KOH + isopropyl alcohol

% Two merged FCC cells offset . .. .
by (a/4) in x, y, and z axes (e.g.. 23.4 wt% KOH, 13.3 wt% isopropyl alcohol, 63 wt% H,0)

% From right: o
# available bonds/cm? <111> 4 G
# available bonds/cm? <110>I § => E.R..100, = 100 x E.R.1y5,
# available bonds/cm? <100> E
i Anisotropic Wet Etching (cont.) W Wet Etching SiO,
["ucBerkeley ‘ 1" UGBerkeley

Sioz + 6HF_>H2 + 5iF6 + ZHzo

Can get the following: Generally used to clear out residual oxides from contacts

@ 01007 rwvong

111> sio,
Problem: Contact hole is so thin that surface
tensions don't allow the HF to get into the contact

—
Generally the case for VLSI circuits

v (on a <100> - wafer) ///Jﬂ{//% :
o oxide
@ bubble '«———native oxide
can get this just by exposing
sio, nt Si to air —> 1-2nm-thick
<110> m 300nm —>

l / Solution: add a surfactant (e.g., Triton X) to the BHF

before the contact clear etch
1. Improves the ability of HF to wet the surface (hence, get

(on a <110> - wafer) into the contact)
si , . ) 2. Suppresses the formation of etch by-products, which
=> Quite anisotropic! otherwise can block further reaction if by-products get

caught in the contact
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i More Wet Etch Chemistries
U etk e e
* Wet etching silicon nitride

% Use hot phosphoric acid: 85% phosphoric acid @ 180°C

% Etch rate ~ 10 nm/min (quite slow)

% Problem: PR lifted during such etchin

% Solution: use SiO, as an etch mask (E.R. ~2.5 nm/min)

* A hassle — dry etch processes more common than wet
* Wet etchining aluminum
% Typical etch solution composition:

80% phoshporic acid, 5% nitric acid, 5% acetic acid, 10% water
(H.PO,) (HNO;) (CH;COOH) (H,0)

(1) Forms Al,O; (aluminum oxide)
(2) Dissolves the Al,O;

% Problem: H, gas bubbles adhere firmlly to the surface —
delay the etch — need a 10-50% overetch time

% Solution: mechanical agitation, periodic removal of wafers
from etching solution

CTN 9/17/09

Wet Etch Rates (f/ K. Williams)
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i Film Etch Chemistries
!'u[agerkelbl_
* For some popular films:
Material Wet etchant | Etch rate Dry etchant | Etch rate
[nm/min] [nm/min]
Polysilicon [HNO;:H,O: |120-600 SF; + He 170-920
NH,F
Silicon H;PO, 5 SFg 150-250
nitride
Silicon HF 20-2000 CHF,+0O, |50-150
dioxide
Aluminum H;POHNO,: | 660 Cl, + SiCl; | 100-150
CH,COOH
Photoresist | Acetone >4000 0O, 35-3500
Gold Ki 40 n/a n/a

[}
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~ Dry Etching

" UCBerkeley

* Physical sputtering
* Plasma etching
* Reactive ion etching

All based upon
plasma processes.

(+) ions generated by
inelastic collisions with

RF (also, could be pwave) energetic e-!'s
| C 1_ Get avalanche effect
- because more e-!'s

L | < Develop (-) bias) come out as each ion is

generated.
T\Pklsma (partially ionized gas composed of ions,

e's, and highly reactive neutral species)
222222222 Ty e nai e
I <T wafer

L

Develops (+) charge toy .. (+) ions will be accelerated
compensate for } to the wafer

b Physical Sputtering (Ton Milling)

B Y

* Bombard substrate w/ energetic ions — etching via physical
momentum transfer

* Give ions energy and directionality using E-fields
* Highly directional — very anisotropic

[ i

PR PR
— ! .I
N film

/ si

Steep vertical wall

Problems With Ion Milling
BIHGEEE e
PR etched

down to here
~ PR PR PR

Once through ! i film :: !
the film, the ! ! L™
etch will start // Si
barreling —
through the Si

=

i

1. PR or other masking material etched at almost
the same rate as the film to be etched — very
poor selectivity!

2. Ejected species not inherently volatile — get
redeposition — non-uniform etch — grass!

* Because of these problems, ion milling is not used often
(very rare)

& Plasma Etching
" UgBerkeley

* Plasma (gas glow discharge) creates reactive species that
chemically react w/ the film in question

* Result: much better selectivity, but get an isotropic etch

Plasma Etching Mechanism:

1. Reactive species generated in a

plasma.
. Reactive species diffuse to the PR |3 [ | PR

surface of material to be etched. Film to be etched
. Species adsorbed on the surface.
. Chemical reaction.
. By-product desorbed from surface.
. Desorbed species diffuse into the h QA?ESPT fﬂ;‘:ﬁ;’:ﬁT
bulk of the gas X

Si

Ol bdhw N

whether plasma etching

is possible or not.)
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%  Ex: Polysilicon Etching w/ CF, and O, w  Ex: Polysilicon Etching w/ CF, and O,
[ UCBertieley m— 1" UGBerkeley
CF4 — CF4* + CFs* + CFZ* + CF* + F+ )FO + CF2+ + ..
plasma si Neutral radical CI::\LZ:IF:;T —> FO PR Fo SiF,

(highly reactivel)

e +CF, > CF; +F + e K’ \</ /
polySi

SiCF,, SiF, «<— both volatile .". dry etching is possible.

* F° is the dominant reactant — but it can't be given a

direction —» thus, get isotropic etch! ) %‘;ropic etching
isotropic Fo FO ) 2. Formation of polymer because of C in CF,
component PR SiF, % Solution: add O, to remove the polymer (but note

that this reduces the selectivity, S,,r)

K’ . "/\ * Solution:
J polySi L % Use Reactive Ton Etching (RIE)

- Reactive Ion Etching (RIE) o RIE: Surface Damage Mechanism
| UgiBerkeley UG Berkeley

* Use ion bombardment to aid and enhance reactive etching in

a particular direction
% Result: directional, anisotropic etching! * Relatively high energy
* RIE is somewhat of a misnomer reactive impinging ions (>50 eV)

% It's not ions that react .. rather, it's still the neutral dical ———°y ot LS produce lattice damage
species that dominate reaction radica R & 'Z R at surface
% Ions just enhance reaction of these neutral radicals in a l l * Reaction at these
specific direction film ¢ '\ damaged sites is
) N enhanced compared to
/ Si > reactions at undamaged
* Two principle postulated mechanisms behind RIE E,(hfmd reaction over areas

1. Surface damage mechanism
2. Surface inhibitor mechanism

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

Copyright © 2009 Regents of the University of California
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i RIE: Surface Inhibitor Mechanism i Deep Reactive-Ion Etching (DRIE)
" UCBerkieley " UGiBerkeley
* Non-volatile polymer The Bosch process: 7
layers are a product of * Inductively-coupled plasma A
reaction * Etch Rate: 1.5-4 pym/min
reactive * They are removed by * Two main cycles in the etch:
radical 0 &+ &° high energy directional % Etch cycle (6-15 s): SF, (SF,*)
PR u { PR ions on the horizontal etches Si
- N = surface, but not % Deposition cycle: (5-15 s): C,Fgq
film L removed from sidewalls deposits fluorocarbon protective
si ) polymer (CF;),
/ \ o reaction * Etch mask selectivity:
( . % Si0, ~ 200:1
(+) ions breakup get % Photoresist ~ 100:1
the polymer layer  reaction * Issue: finite sidewall roud
% scalloping < 50 nm
|Resul1‘: E.R. @ surface >> E.R. on sidewalls * Sidewall angle: 90° + 2°

& DRIE Issues: Etch Rate Variance "
[ UcBerkeley

u@ﬂerkelﬁ\_

.;_:rtflfsfffff("'r((

Semiconductor Doping

Aspect Ratic

* Etch rate is diffusion-limited w 15 1.5 50 58 30 25 &1 18
and drops for narrow S B
trenches 5 119 1

% Adjust mask layout to E
eliminate large disparities g 28 T —
© Adjust process parameters 5 T/ | i trench width
(slow down the etch rate o8 I
to that governed by the T
slowest feature) Trench Width (4m)

Copyright © 2009 Regents of the University of California
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;; Doping of Semiconductors

UL ML@!!=
Semlconductor‘s 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

éf; in a metal Extra free e
o5 . . . - .
Q3 \
<. :sitsiisi: P 1 Si: P(:
. . . —_\ .. .

:Si: Si: Sic Dope ¢ Si

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

CTN 9/17/09

Doping of Semiconductors (cont.)

=

Berkeley

charge magnitude
on an electron

_,O0 = n+
Afhn : A p\hde

elecTr"tm electron hole density
mobility density mobility

Conductivity Equation:

conduc‘rlvrry

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

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

- O-

:Si: Si: Si: Dope : Si @l_i
et e 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

s ]

i u‘ JEEEE

Ion Implantation

Copyright © 2009 Regents of the University of California

5 Ton Implantation
L
* Method by which dopants can be introduced in silicon to
make the silicon conductive, and for transistor devices, to
form, e.g., pn-junctions, source/drain junctions, ..

The basic process: Charged dopant accelerated

to high energy by an E-Field

B+ B+ B+ B+ B+ (g7 100 keV)
Control current & l l l l l
B-B

time to control the <— Masking material

dose. (could be PR, could be
\ oxide, etc.)

M Si__ | TDepth determined by
energy & type of dopant

Result of I/I ﬂ

EE C245: Introduction to MEMS Design Lecture 3 C. Nguyen 9/5/07 52
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1

i Ion Implantation (cont.) o Statistical Modeling of I/I
| UCBerkeley UG Berke e
Result of I/T ]}
L/— Damage —> Si layer at N(x)
Si\ /Si si Top becomes amorphous Impurity /7 Unlucky ions
% B not in the lattice, concentration N, _ ;
| | so it's not electrically v Avg. ons
Si—— Si ——Si active. One std. dev.
Ion collides with atoms and . away —> 0.61IN —
interacts with e-'s in the High Temperature Anneal P
lattice—> all of which slow (also, usually do a d""}“"“ 2 std. dev.
it down and eventually stop diffusion) (800-1200°C) away - 0,14N,
; . . . [
- Si Si Si 3 std. dev. V. R
% Now B in the lattice away — 0.11N, 4 Distance into Si material, x
& electrically active!
. . d \J
Si——B —Si (serves as dopant) R, A Projected range = avg. distance on ion trends before stopping
| AR, A Straggle = std. deviation characterizing the spread of the
L L i i . . ~ distribution.
This is a statistical process — implanted impurity profile can be
approximated by a Gaussian distribution.
T . . A
& Analytical Modeling for I/I & I/I Range Graphs
U B et L e e
Mathematically: (x R )2 L * R, is a function of the
N(x) = N, exp _7132 Roughly Pmpom'ml to ion energy of the ion and atomic
2(ARp) 10/~ energy R, ion energy number of the ion and target

(some nonlinearties)

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

Area under the w
impurity Implanted Dose = Q = [N (x)dx lions /cm?]
0

P

distribution curve

For an implant completely contained within the Si:
Q=+2zN AR,

Assuming the peak is in the silicon: (putting it in one-sided
diffusion form) So we can track the dopant front during a

Projected range (um) | R
o

and 6.2
= b: di i .
D, =Q —~ subsequent 'ffgs'on step Py e 50 . ...l *For a given energy, lighter
_D,/2 3 (X— Rp) _ (ARp)z 0 Acceleraion coergy (keV) " elements strike Si with
N (X) - p Y . Wher‘e (Dt)ef‘f - (5] o o
[z(DY),, Z(ARD) 2 Figure 6.1 higher velocity and penetrate
more deeply

Copyright © 2009 Regents of the University of California
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i I/I Straggle Graphs i
[ UCBertieley m— UG Btk e
* Results for Si and SiO,
surfaces are virtually
identical - so we can use
these curves for both
Diffusion
Figure 6.2
& Diffusion in Silicon % Diffusion in Polysilicon
[~ UcBerkeley R [ Y
* Movement of dopants within the *

In polysilicon, still get diffusion into the crystals, but get
more and faster diffusion through grain boundaries

* Result: overall faster diffusion than in silicon

silicon at high temperatures
* Three mechanisms: (in Si)

Siipes
@ ® ® T06
Stk ]
T:'._{*:f"ﬂéhq 54/: Interstitial Diffusion
gty

* Impurity atoms

&) - ® @ jump from one
o ™

H

.ﬁ@} ®

.o% o
® ® ®

interstitial site to

- . another
Substitutional Diffusion Interstitialcy Diffusion

. * Get rapid diffusion Fast diffusion through iffusi
* Impurity moves along Impurity atom . % Hard to control grain boundaries I Reg:\l: r;f;g:fs'on
vacancies in the lattice "EP";C“_ a Siatom in  © Impurity not in
* Substitutes for a Si-  The lattice lattice so not * In effect, larger surface area allows much faster volumetric
9
atom in the lattice * Si atom displaced to electrically diffusion
an interstitial site active

Copyright © 2009 Regents of the University of California
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i Basic Process for Selective Doping
[ UGB L6
1. Introduce dopants (introduce a fixed dose Q of dopants)
(i) Ion implantation
(ii) Predeposition
2. Drive in dopants to the desired depth
% High temperature > 900°C in N, or N,/O,
* Result:

dopants ?)X‘)‘

N ——
I

Drive-in

CTN 9/17/09

o Predeposition
UG Btk e
* 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: 103 - 10!¢ + 20%
% For ref: w/ ion implantation: 10!! - 10!¢ + 1% (larger
range & more accurate)
* Example: Boron predeposition

Furnace tube

0, B,H
_/2,26§“/wafer‘

Gases —»
0, + BH, m N boat
— \
diborane (Inert gas:
e.g., N, or Ar) Predeposition Temp: 800-1100°C

& Ex: Boron Predeposition
1 G B  —
* Basic Procedure:
1. Deposit B,0; glass

kN

' [5i0, «— SiO; diffusion barrier
I I' l I I i : (masks out dopants)
BBBBBB *—_

si 2. B diffuses from B,O; —» Si

* 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

Copyright © 2009 Regents of the University of California

Ex: Boron Predeposition (cont.)

=

k)

UCBerkeley

For better uniformity, use solid source:

Furnace tube

«

—/’Si Si Si SisSi Si
— wafer

Reactions:
Si + 0, > SiO,

" Boron/Nitride wafer
— 2% uniformity
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~ General Comments on Predeposition & Diffusion Modeling
I UCBerkeley 1 UG B e e e e —

* Higher doses only: Q = 1013 - 106 ecm-2 (I/I is 10!! - 10!6)
= Dopanfr from psintr of high conc. mrove

Mo

* Dose not well controlled: + 20% > .

* Uniformity is not good [ , pointr of law cwe. o fluy T
% + 10% w/ gas source / ;

X[ = Queshm: Whets Nixt)?
G+ 2% w/ solid source

T f&en of Hira
* Max. conc. possible limited by solid solubility | Ficks Law of Difusim~ (1 lawy)
% Limited to ~10%° cm-3

= _ f ON(x,t)
% No limit for I/T — you force it in here! ~ 7[,;('6 e o
* For these reasons, I/I is usually the preferred method for Hux [#lew-s] Diffucim Coefhicient
introduction of dopants in transistor devices
* But I/I is not necessarily the best choice for MEMS Continutly Equation €or Parkicle Flux -

% I/I cannot dope the underside of a suspended beam

% I/I yields one-sided doping — introduces unbalanced
stress — warping of structures 2

% I/T can zo physical damage — problem if annealing is not pude of incremse  Megative of Ho divergene
permitte

of conc. 3t time of parficlo flux
* Thus, predeposition is often preferred when doping MEMS

-

Genend Foom:
NGt 3.3

& Diffusion Modeling (cont.) & Diffusion Modeling (Predeposition)
1 G B  — 1" UGBerkeley .
= e'e inlerarled f¢ noaw th Yo ore- Aimensiond Brm : = if phtlod om o lingar scale, would look like H4ir: N, " \;:En
INGE) 9T
ot =" 5; Fiek’s ZN law of = Bow .
=) q s M mﬂ ) ¢ . - x_ - —
2 (1) and subsfhde G)in (1)} =D 2 Diffusion in I1-D ) Nlot) > No . _ L (20 a2 x
(a« at I (i) NEoo £)+ 6 ? Nex,t) N.,[_I TTIO 876{;}
Sekions: — a‘epem/w’ Upon bo\mo'orl Condlithons "
S wse aricdle :ePam#a\ or kplcu Xform '|ec‘1m'¢iw: l Nl t) = No en’Fc(;_m)‘ ﬂ&jﬂh cwnr(onwr{wyeﬂn fvchion
(read tubles or geagh)
Case 1: Predq:o.r'rkm — costrnt rouree diffucian - surfuee corcontration Shiys
lg(l“ ) Ho same dun'ha Ho diffusion Dose, @ 2 dobodt of impunty s per unit area infhe &
Svff:: \5,7‘ ﬂq? ﬁ—(wwﬂy amc '(ll't; ('63 = area nda fe cune Koy linagr Scade
Comc. 0 whT < .
i L (0, < 0t.< Og1y) Q@ [ WixArd = | QU2 m%"i o] DL e nde s
<, +, 2 — Cm'em?’d)ry e mn funchion Pm‘f'sle & Squae is Snw‘ﬁs
t:uk*’w —Y%] 1\ \ AN _ E bt = characknthe Affugion leogk\] ///'. lnder o curve.
me. 7
? o, A 4
S‘“‘ﬁ‘( 1 U'h'Q ‘F{J””‘ﬁ% 1~ 2—@ S
=

Copyright © 2009 Regents of the University of California



EE 245: Introduction to MEMS

Lecture 7: Process Modules IIT

CTN 9/17/09

= Diffusion Modeling (Limited Source)

" UCBerkeley
Case2: Drive-in —> limiled soure dffusion, i.e, comstant dose &

% Diffusion Modeling (Limited Source)
“UC)Berkeley
Sy Uevelky ke det fon. Gpprox. N0+ @ §6

= we can do this, becawte for .S\Aﬂcledl, vy diftiesion Fiwe;, ne watter Lt
Ho o\nelmﬂ J“\Gf.« of e d@anf diskeibifon , Ho difssed dl:h\)ﬁuﬁa—- will be

Get Caumsign D(J'Ml:m'fm .r ba /m#
N('X,H Q‘P (ﬂ‘_"‘ ] Gaur.mb- in 'Klr ‘ A\

 Nixg
nti s,
No&:j 'ez
Nolt;) €
Neg AN N
x, ditare €/ tho Surfoce
= Bw:d_onl Condidion -
(i) Neo,t)=0 Ul’y’ Consten? Doge-
G) M) /_) [ My Q & ondh-
ax 1xe o
\—’ This s eiuwaler" +o m‘l"‘j Hat Heres no flux
301#]9 OV‘L%SI l?, Nh’)
' <
and Hatsy whdt T J-0/
His sapel  Assunphom - A x
5 Two-Step Diffusion
["ucBerkeley

* 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:

(O)predep > (Dt)grive-in = impurity profile is complementary
error function

(Odrive-in » (Dt)preaep = impurity profile is Gaussian (which
is usually the case)

&iwﬂm loghv
Nt of whon Ho shortig i
¢ £ le is cm,(eklv Mmfﬂo‘ a
"; { l:aws—ﬂo S, #en *
A @ % = hett Ho impaat dose
,{, Successive Diffusions

UG} B e —

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

° Typical overall process:

. Selective doping
« Implant — effective (Dt), = (AR, )2/2 (Gaussian)
< Drive-in/activation —» D,t,
2. Other high temperature steps
* (eg., oxidation, reflow, deposition) - Dst;, Dsty, ..
* Each has their own Dt product
3. Then, to find the final profile, use

(Dt)tot = Z Diti

in the Gaussian distribution expression.
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