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" ,\ -‘ o \?Abstract

The | optlmlzauon, the’ model‘mg and the expenmemal diagnostic of plasma
o

etchmg processes usmg a commercral parallel plate smgle wafer etcher are

p'resented Firstly, polysxl:con and,\ 8102 vetch rates. in_ fluorocarbon

v

chemrstnes have been measured %r yarious combinations of the process

. AR

pzlrameters accordmg to the suaeisucal desrgn oj expenments*methodology

The use of empmcal modelmg of etch t&es in"a muludlmensron.xl parameter

-
.

A
space is drscussed Secondly,'*d numerical slmulauon of the .gas phase
chemlstry of a CF4102 plasma is presented The calculated concenlrauons of

free fluorine and oxygen atoms in the plasma are found to be in agreemem

A -

with- spectroscopic analyses of their emission line mtensnty. Calculated etch

g

rates -of crystallme silicon -are compared wnth measured etch rates ‘or various

plasma condmons It\rs found that a c0mpet1uon between F and o atoms for

the_ production ‘of SiF2 ‘alone does not pro_vide a _sausfactory explanation for

the etch rate- dependence on the O, percentage “in the feed. Yet, Si etch rates

. ] : " ) . . 3 .
-aré well predicted by the model when pressure, power and load are varied.
. , ~ , . v .

. \
o v
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content in the feed at 1.4 Torr and 900 Watts ’l‘he ctrcles mdtcate

subset‘.]uent measurements. ¥ L

-~

-~

. 4 7 Sectton of the contour plot of Flg 44.5 as a functxon of pressure at ‘i- ‘ 53

900 Watts and w1th 50%. 02 in the feed. T'he circles mdtcate

— subsequent measurements

44, 8 Sectlon of the contour plot of Fig.445asa function of powerat . .54
" 1.4 Torr and with 50% 02 in the feed The cu'cles indicate ’

y . subsequent measurements
o )
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_,,', mch sxlrcon wafer in‘the reactor at 800 Watts, 200 mTorr and :
08cmgap . o o ? . S T
PR ‘ ﬁ o ".« - o : . 3 .

4.5.1 Max_well'-Bolt‘zmann'distﬁbution. o e .t 56
452" Measured DC self-bias versus pressure at S0/50 sccm CF4/O; - 57 .
o 900 Watts and'0.8 cr'n "g'ap._ A ' | | ‘

5 2.1 Computed total concentratlon in a50/50% CF4/0, plasma asa - . R 64" .

functton of time for vanous gas ﬂow modes The: mmal pressure is.

. _4 ' l 0 Tor, the power is 900 Watts and the plasma volume 259 cm3 Y , .

/r

. 5. 2 2 Computed total concemrauon in a50/50% CF4/02 plasma as a . G 65 -
function of txme for vanous total gas ﬂow rates. ’l'he mmal and
. steady state pressure is 1.0 Tort, the power is 900 Watts and the .
plasma volume 259 cm3. The arrows mdtcate the residence tlme
correspondmg to each ﬂow rate.
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523 . Mass spectra srgﬁls of the 69 line (CF3 parent to CF4),
~ the 66 line (COFQ+ & SiFy* parent to COF2 & StF4) and the 85 lme
(SrF3 parent to SlF4) as a function of time during silicon etchmg

(6 inch wafer) m a 8. 5/50/5 sccm CF4102/Ar plasma, at 1.4 Torr,

4900 Watts, 0. 8 om gap. The power is turned on at ume O and off after
180 sec. The. sxgnals are not caltbrated -

. S e "1-- -
P | “

s. 2 4 Pumping rate requlred to nfﬁmtam a constant total pressure

. . of 1.0 Torr as a function Tercenmge of O, in the CF4/Oy

. input mrxture, with 100 m total feeding rate The power is 900

 Watts and the plasma volume 259 cm3.
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5.3. 1 .Computed’ concentratlons of some species as a functron of the

percentage of 02 in e CF4/O, input mrxture, with 100 sccm total

‘ feedmg te. The pressure is 1.0 Torr, the power is 900 Watts and

the plasma volume 259 cm?3,

RS

‘:'}

5.3.2 éompans of computed [FI[A1) concentratron rauo with
‘ ‘measured F(703 7nm)/Ar(750 4nm) emtssrdn mtensmes versus the

02 corltent in the feed. The process parameters are : 100 secm

\ CF4102 input gas mixture with 5 sccm Ar, 1 4 Torr pressure, 900.

-

Watts power, 259 cm plasma volume correspondmg to 0 8 cm
electrodé gap. The measurements are related to the calculation by

the relauonshlp »F(703 7nm)/Ar(750 4nm) (kF/k Ar)[F]/[Ar]
where kg and kp, are respecuvely the Fand Ar electron impact

excrtanon rates. .

5.33 Companson of computed [O}l[Ar] concentratron ratic with-.

: fb measured 0(777 4nm)/Ar(750 4nm) emission mtensmes versus the

02 content in'the feed at 1.4: Torr, 900 Watts, 0.8 cm gap: The

measurements are relatecPto the calculauon by the relauonshlp
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. \—0(777‘4nm)/\750 4nm)=(koyk o)(OV[Ar], where ko and k Ar are -

respeettvely the O and Ar electron impact excltatlon rates

'5.3.;1 Companson of computed [O]/[F] concentrauon ratio with measured : 73
0(777 4nm)/F(703. 7nm) emrssron intensities versus the O, content |
in thé feed at 1.4 Torr, 900 Watts, 0.8 cm gap. The measurements are

. related | to the calculation by the relauonshtp e T
o177 4nm)/F(703 7 nm) -(kolkp)[O‘]/[F] where-kq and kp are

4
respecttvely the O and F electron impact excrtatwn rates. © . - R

s

' -'53.5 Comparison of cemputed.’[F]/[Ar] conceritﬁrtign ratio with _
measured F(703.7nm)/Ar(750.4nm) emission intensities versus

pressure in a 50/50 sccm CF4/02 input gas rmxture with 5 sccm Ar

i

at 900 Watts 0.8cmgap.. °

¥

53.6 Compmson of computed [OT [Ar] concentration ratto with

measured O(777.4nm)/Ar(750.4nm) emission mtensmes versus

pressure in a 50/50 sccm CF4/O mput gas mixture w1th 5 sccm Ar
_at 900 Watts, 0.8 cm gap

~

5.3.7 Comparison of computed [O]/[F] concentrauon ratio w1th / i 75
" measured O(777. 4nm)lF(703 7nm) emission mtensmes versus :

pressure ina 50/50 sccm CF4/02 input gas rmxture w1th 5 scem

; Ar at 900 Watts, 0.8 cm gap. The measurements are related to the

[OV[F], where kq and kp are respectively the O and electron

~ impact excitation rates. -

53.8 Comparisori of computed [F)/[Ar] concentration r;tio with B ] - 15
measured F(‘703 7nm)/Ar(750 4nm) emxssron mtensmes versus 4

power in a 50/50 sccm CF4/02 input gas mixture with 5 sccm Ar at

1.4 Torr, 0 8cm gap The measuremenits are related to the

Xiv



5.39

A o ‘. . B ‘.

¢

&Y .
»

calculation by the relationship : F(703.7am)(Ax(750.4nm) =

(kp/kp)[FV/[Ar] where ki and k  are respectively the Fand Ar

electron impact excitation rates.

3

Compai'isog of computed [O)/[Ar] concentration rgtio with

_ measured O(777.4nm)/Ar(750.4nm) emission intensities versus

5.3.11

" 5.3.12

power in a 50/50 sccm bF4/O2 input gas mixture with 5 sccm Ar at '

1.4 Torr, 0.8 cm gap. The measurkments are telated to the
calculauon by the relatmnshlp 0(777 Anm)/Ar(750.4nm) =

(kO/kAr)[O]/\Ar] where kg and k5 are respecuvely the O and Ar

electron impact excitation rates. ' ‘ '
' .0

of compiited [OV/[F] coneentration ratio \;vi;h

measure ffO(777.4nm)/F(703.7nm) emission intensities versus.

power in a 50/50 sccm CF4/O5 input gas mixture wi 5sccm Arat

1.4 Tbr},'o 8 cm gap.. The measurements are related to the
calculation by the relauonshxp O(777.4nm)/F(703.7nm) =

(ko/kF)[O]/[F] where ko and kp are respecnvely the O-4nd F

" electron impact excitation rates.

H

Measured F/Ar mtensnty ratio keeping the total flow to gap ratio
F/g-and the power to gap ratio W/g constant. The pressure is 1.4

Torr, the propomon of CF4/Oy/Ar is 47.6/47.6/4.8 %. The sohd

line repnesents a least-squares fit to data. Under those conditions
the calculated [F)/[Ar] concentration ratio would be constant.

Measured O/Ar mtensuy ratio keepmg the total flow to gap ratio
F/g and the. power to gap ratio W/g constant. The pressure is1.4

Torr, the proportion of CF4/02/An is 47.6/47.6/4.8 %. The solid

* line represents a least-squares fit to data. Under those conditions

‘ the calc_ula;ed [O)/[Ar] concentration ratio would be constant.
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5.3.13 Measured‘ O/F intensity i'atio k@ing the total flow to gapratio . = 79

"F/g and the power ta gap rauo g constant. The pressure is 1.4

Torr, the propomon of CF4/02/Ar is 47. 6/47.6/4.8 %. The SOlld

line represents.a least-squares fit to data. Under those conditions
the calculated [O]/‘[F] .concentration ratio would be constant.
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S.4.1 CompansOn of computed and measured silicon etch rates versus - 83

the O, content in a 100 scem CF4102 input- gas mixture thh 5scem

_Arat 900 Watts, 1.4 Torr, 0 8 cm gap The silicon exposed area is S
\k26 cm? (5 inch wafers) T ‘, . ~ | J.

2

5.4.2 \Compan'é)’n of computed and measured silicon etch rates versus . . -8 '

the Oy content ina 100 scc%CF4102 1nput gas mixture wnh 5 sccm
Ar at 900 Watts, 1.4 Torr; 0 8cm gap The sxhcon exposed area is
126 cm? (5 inch wafer). Competmon between F and O atoms for
the formation of SiF is included-and =3, .
5.43 Comparison of computed and measured silicon etch rates versus - 85

the O, content in a 100 sccm CF4/O, input gas mixture with-S sccm ‘ | |
Ar at 900 Watts, 1.4 Torr, 0.8 cm gap. The silicon exposed area is

182 cm? (3 ineh tvaferj. Compeutton Between and O atoms for the

formation of SiF is included and B=38."

5.4.4 Comparison of computed atomic fluorine concentrations withand . 86-

without silicon.in the system versus the O, 'contentbin a 100 sccm '

CF4/02 input gas mixture thh 5 scem Ar at 900 Waus, 1.4 Ton', 259 v

cm3 plasma volume, In the preSence of s1ltcon, the active erposed
area is 126 cm? and competmon between F and O atoms for the

formation o?StF4 is included along with B=8,

5.4.5 Comparison of F(703.7nm)/Ar(750.4nm) emission intensities with - 87

" and without srlxcon wafer in the system versus the 0 content ina *
. > > __
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: . 5.4.6

5.4.7

5.4.8

- computed etch rate.

\Cl'

- C3

" Top view of the react

100 sccm CF-4/02‘ input gas mixture with 5 scem Ar at 900 Watts, 1.4

Torr, 0.8 cm gap. It can be seen that the relative toncentration of

fluorine with silicon present in the system does not correlate wuh ' B

that computed and shown in Fig. 5.4.4. ‘ ‘
Comparison of xﬁeasmed and calculated silicon etch rate versus ' ! . 88

pressure with 182 cm? load (6 inch wafer), in a 87.5/50/5 sccm
CF,4/Oo/Ar input gas mixture at 900 Watts, 0 8cmgap. The -~

" simulation includes "competmon for sltes" between F and O atoms

and R=8. .

‘Comparison of measured and calculated silicon etch rate \&rsus : 89

power with 182 cm? load (6 inch wafer), ina 50/50/5 scem |
CF4/O4/Ar input gas mixture at 1 4 Torr, 0.8 cm gap. The s1mu1anon

includes "'competition for sites” betwgen F and O atoms and B=8.

.

Comparison of measured and calculated silicon etch rate versus . 89
silicon eprsed area (!load :2,3,4,5,6 inch wafers), in a 70/30/5 sccm -
CF4/Oq/Ar input gas mixture at 90Q Watts, 1.4.Torr, 0.8 cna gap: The
simulation incluées "cohmﬁtion for sites" between F and O ata'ms -
and B=8. The solid lines represent logarithmic least-squares fits

of the experimental etch rate on
the silicon exposed area and a 1/A0-6 dependence for the

Position of the tip of the fiber optic foQtical "sensor") with : - 175 *
respect to-the glow region (dotted area) contained between two o ’
parallel plates. ' "

showmg thc position of the optical sensor T
with respect to the el ctrodes. o - ‘ ‘

Top view of the redctor showing the pasition of the optical sénsor ' 177

with respect to the electrodes.
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. C4 ’Pop view of the reactor showing the position of(m&optic;d sensor- 178
with respect to the electrodes. ' :
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" Symbol -

Chapt’er‘3. :

* jth experimental value of T;

" jth experimental value of X;

o

~ S

LIST OF SYMBOLS'

Description

model coefficient j

average value of Tj

équrimental error

inﬁcoﬁelation of rpgdel terms‘Tj, Tk
response finction for the selectivity S
selectivity of etch SiO5Poly
s"pecificaiion response function

r o
“model term j

J

_“uniformity of etch of SiO,

model term Tj var\iance.
in‘dependen-t parameter j

J
model response function j "

| ith experimental value of y;
experimental response function j
ith experimental v;\lue c;f Y;

residual sum of squares
s ‘

Xix

>Units
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Chnptér 4, & appendix C

a . angle o ' rad
A . optical detector sensitive area : ‘m?
Cw * opticalspectfometer sensitivity at frequ TR unitless
d@) - distahce | | : m,
D distance » ’ m<.
e ' " denotes an electron ) B /
| distance _ : m
fll density of photons escaping the discharge ‘ .. mJsec’!
G constant | , m-3sec’!
H X ' plasma height ' o . m
| optical emission intensity . . arbitrary
. o I
‘XW Ald(@) fluxes of energy at the optical detectgr Watts m
Al intensity | - T Watts
kg “  relaxation rate by collision R sec’!
k. relaxation rate by spomaneousj-emission L ¢ sec’!
. ' N L . .
k; g “»ew . excitation rate of species X by electron impact . - secl
L — distance - T ' m
LU- B gl%w discharge luminescent inteﬁsity : . . Watts
M denotes a third body ’ ’ . .
M] © totdl gas density o _ ' ' cm3
ne ~ electron density \ em™3
Nll optical spectroineter readings at frequency unitless
Nye ' ~ density of photons from the optical transitign
‘ X" > X - . m?
P * distance - o v , ‘m
R , electrode radius g m
R . | sargpling time " W  sec
at ' lifetigne of an excited state , o © Tsec
S integration constant - ' : _ m2
v plasma volume S w3
p—— ’ ’



o

> s o

X a chemical species in its electronic ground st*p "
x* ' species X in an excited state o
Xy concentration of species X
frequency of a photon -
angle . .
o . * . .
m - plasma surface emission intensity *
WHy frequencies
-~ ‘ s

Chapter5. | ' , - g

A : silicon exposed area

Clw) ‘ optical spectrometer sensitivity at frequency j
e denotes an electron

E crystalline silicon etch rate '

AE; © ~ bond energy ) )

fj" -~ constant

F total flow rate -

g8 gap

Ig ) impingement rate '

kg " Boltzmann constant

k. . second order competition rate *
ke ~ first order elecn'on"knﬁéct dissociation rate

kg : first order fluorine consumption rate

ke ‘ zero order feeding rate

lEj : second order dissociation rate of Xj

: . o

kg . .. rate ' .

Kout second order pumping rate

ky . ~ ‘excitation rate of species X by electron impact
mg . mass of the fluorine atom

i, . ' , "average electron density

o

——

cm3Watts'

unitless

scem

-cm

u.;’ 1

2sec

.crh‘
1KLL evk!

3eap-!

cm-sec”

sec” 1

sec”

| P

sec”
cmIsec !

g sec'l :

Kg

cm'3



[M] . total gas density ' o cm™3

optical spectrometer rcﬁd.ings at fréquency n N unitless

-5 =

p total prefss'{m ) ) Torr, Pascal
q second order pumping rate ' ‘ cm3sec' _1
. . ) 3cap-]
Tj J secondqrdcyate | | . Jem“sec
gas temperature K
. electron temperature K
Y plasmavolume = o . cm?
w power injected in the plasma ) Watts
X; - .chemical species j |
. o . _
[Xj] species Xj concentration « cm’3
‘ correction factor : s unitless
P atomic density in crystalline siliton . - cm™3
o} reaction probability of atomic fluorine on
silicon o | unitless
"~ Appendix D
< 2 .
A ~ rate constants ' consistent -
Al : raté constant | S /  cm3sec’]
N plasma volume ‘ em3”
F constanj L * unitless
ko ' rate constant - ‘ emBsec1
k, rate constant - - ' emIsec!
M] total gas density ’ ' ) cm3
R secom] order rate ’ \ em3sec”]
S activation energy S : K
S1 - power injected in the plasma LI Watts
-TEMP ° temperature A : K
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s+ LINTRODUCTION

Y

With‘the recent opening of a 2 pm metallization line for Applicatiop
Specific Integrated Circuits (ASIC) by the Alberta Microelectronic Centre « at
the University.of A\\lbcrt’a_. an interest arose in 'the research of
.microelcctronic techrology steps. A conswant effort in this direction s
required"in order to contribute tq the technological evolution of this fast
cﬁimging industry. In this study,\;;lasma etgh;r;g processes are investiga‘(ed
and bdth a development-oriented andla~ research-oriented approach are
illustrated. ') ’ o )

TlieA goals were, (1) to develop a software package for cop‘puxer-aidéd
optimization of microelectronic processes based on the.statistical_kde\sign of

3 .

experiments, application to plasma etching of silicon dioxide, and (2) to

investigate the applicability of a chentical kinetics, tubular reactor model Of

a CF4)02 plasma etching silicon, to the modeling of silicon etch rates in the

commercial parallel plate single wafer etcher used in this stud)}.' To our
~ :

knowledge, this is the first attempt to apply a chemical simulation to the

is . . . . r.
{ystematic modeling of production plasma-etching equipment performances.
-

[T

The manufacturing of microelectronic components consists essentially of -~

depositing or growing thin films on a silicon substrate (wafer) and then

v

* removing them in some places in orécr tp reproduce fine patterns. It -also

N

consists of diffusing materials such as phesphorus or 'bor,on in- small
quantities in the structure in order to ‘modify its electrical properties.

The removing of a layer is called etching. Etchir;g'serves to open windows
through a thin film in order to ~c¥pose the underlying ‘material for ion
implantation or ‘to make a contact with a subsequent layer deposited on the

- ~"wafer surface. It also serves to delineate transistor's gate and metal lines in

order to interconnect electrically the devices laid in the integrated circuit.

‘ o



. -
3y .

,\mlen sever‘al layers of metal are used, wetching ﬁay be used to planarize the
wafer \{fnce between two metal Ié\y'ers. _Finally, etching is used for stripping
an entire film from the surface or the back of the wafer.

The appl{‘;:ations‘of etching - are not litpited to integrated circuit
"manufacturing. The micromachi.ning of integrated sensors in silicon for
i . .
example, requires to fprecis'el_y reproduce small structures [1].

- The speed, cost and to some extent reliability of an intcgrated circuit
depend on the size of the transistor itself.. For instance, the performance of

the Metal-Oxide-Semiconductor (MOS) transistor is related to the distance

separating the source and drain, that is the gate iength. This distance should

2

‘be as small as possible. Therefore, the milestone of integration is determine@’r#*

by how small the gate can be made repeatably with the ‘desired properties.
L .

The size of the smallest pattern that can be reproduced repeatably is referred
to as the minimum feature size and it sets the level of integration and

precision for the manufacturing of any kind of microstructure, not only MOS

transistors. Today's typical minimum feature size is lum or,rr{ore depending
.on thc application. Structures of that size must be reproduced in a thin film
sometimes a few huﬁdrcd Angstroms thick (1 A’ngStrém - 10710 m) and
throughout a ‘silicon_.wafer up to 8 inch (20.3 cm) in diameter.

The other key factor of microelectronic de\}ice manufacturing, ‘beside
(very) large scale integration, is’ the ability to produce thégn at high
throughput .and low cost. Fabrication processes must always be designed with
tl'?osc ‘two  aspects in mind. As far as’ etching is concerned,‘ it has been
achieved using chemical or physico-chemicbal processés. The sim\plest
etching method consists of'dipping’ the “wafer into a Jliquid reacting
chemic;illy with “the surface (wet etch). Wet'e\t\ching processes tend to étch

uniformly in all directions (isotropic processes). Dug, to the isotropic nature



of wet etching of noncrystalline materials, it is not appropriate for the

fabrication of fcatﬁres be!ow. 3 um, . : \J
The use of reaetive gases, instead of reactive liquids, allows a tighter

" control of the iso;ropy or anisotropy of etch. Molecules of nonreactive gases

are - dissociated in a radio Trequency- (RF) discharge, creﬁi;q; reactive gaseous

species. T\h\osc processes are referred to as dry etching or plasma etching,

N )
because the d\lschargc‘ produces an ionized gas. The anisotropy of etch can be

achieved either by the directionality of ion bombardment onto the wafer or

by passivation of the wallg. 2,31. ; * .

The basic types of materials used in the—fabrication of integrated devices

can be etched by dry processes : insulators such as silicon dioxide (SiO,) and
¢ )

silicon nitride (SigNy), semiconductors such as silicon (St), conductors such

as doped'polysilicon (poly Si), aluminum (Al . Si,, ) and tungsten silicide
- a

(WSig ), and photoresist mask ¢pdlymeric malerial).
t .

+ . 8
The task of the dry-etch process engineer is to develop a suitable process
for each application. The etching process, or recipe, must meet certain
requirements Wwhich translate into a number of ' specifications. The

requirements are typically

(1) Precision ((an)isotropy, undercut, sloped etch).

(2) Process repeatability in time. -

)_Upniformity across a wafer (etch rates within £5% of their
avekage value for example).

(4) Seledtivity of etch between different materials. ?

(5) Throughput.

- .
From the point of view of the process engineer, plasma etching is much ~

more complex than wet etching because of the great number of parameters
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affectmg the process o ’theory of plasma etchmg processes 1s ‘based on the’

"

understandmg of RF dtscharges, -gas phaSe chemtstry of charged and" neutral

.‘partt;les, transport processes by convectlve flow, dtffusxon and ambrpolar:

| dtffusto,n of 1ons, .and last but not least surface chemtstry Because of this’

complexrty, plasma etchtng processes have been empmcally developed and"
\-’/,'
the. understandmg of them is qutte ltmrted

0

"In chapter 2 a- brtef des\(fnptton of plasma etchtng prmctples is made,

o ‘e ’

“the plasma etcher. used in thts work is presgnted, and some usefu’l quantmes

‘to whtch tt wrll be referred throughout the thesrs, are” deftned

In chapter »3, an ‘empmcal method is presented ‘that = allows ‘the " -

It is ‘»b%J

in- the= = .-

characterrzatlbn and the opttmtzatton of plasma etchmg process 2

on —the stattsttcal des:gn of expertments {lnd 1t 1s often refer ed
Merature as the Response Surface Methodology (RSM) [4] In th1s thesrs, the'
use of \the RSM is demonstrated for the etchmg of polysrltcon and SlllCOI’l
droxtde in a ﬂuorocarPon chemtstry Those expenments 1llustrate the use of

‘the software developed in- thts work for the opumtzatton and clraractertzatton

,./

of multtparameter processes

°

In chapter 4 the expenmental procedure for charactenztng the plasma : P
is descrt‘bed It vmcludes the spectroscoprc dtagnosttc as reported in the:
-1 P K ‘

ltterature/ and mass spectrometrtc data An expressxon has been derived, that

'°relates the optical spectrometer readmgs w1th the concentratlon of  ‘an

.emrtttng/specwsx in 1ts Qround state. The fluorme emrssron llne 1ntens1ty has :

,‘“ '- ]
been charactenzed as a functton of 1njected power, pressure and gas'

composmon in a CF4/02 plasma, using the RSM

—

In chapter 5, a numencal s1mulatton of the gas phase chemtstry of a

/ : k SRR

CF 4/02 plasma ts presented The reactto:} scheme and the . srmulatton program.

P Do ,
«* I o \



| come from dlfferent sdurces In thts study, they have'been adapted as much
poss1ble to the pamcular tcondmons of expenments The calcutated”

concentrauons of free fluonne and oxygen atoms ”are‘ correlat;qg wuh

spectroscoplc measurements of then' excnted state emljs‘sm.n lme '\mtensuy
o ‘

Crystalline smcon etch rates in the same. plasma are related @thh the gds

" phase composmon and . compared thh etch rate measurements. S

.

The empmcal method 1llnstrates how mdustry may approach plasma :

W

etchmg processes while the theoretical model = gives an’ inSight of what

happens in the - plasma In both cases, the goal is ‘to’ relate the- process

o>

’parameters, such as operatmg pressure. and gas flow rates,.w1th etch rates " or
other quantmes of 1nterest “The -empirical method provides a direct llnk"

-between the ‘cause and the effect whlle the theoretlcal approach helps us

T
~

understand the process. =~ : m

)
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2. PLASMA ETCHING PROCESSES N

.2.1 Plasma eiching mechamsmg
. The principle of plasma etching is' to form reactive ‘gaseous species, or

reactants, from a nonreactlve gas mlxture [3] The reactants must attack the

£

" film to be etched and form volatile products that will be pumped out of the

reactor. Reactive Specws are produced by electron impact d1ssocxauon of the

‘inert: gaseous molecules in a radio frequency . (RF) dlsgharge. ‘This is

illustrated in Fig. 2.1.1 for the ‘pfoduction of free fluorine f.ror.n_frebnfl4\ g§F4) )

o .

in a parallel plate reactor. ' ' - N f
Input gas -
- ' Y Top electrode
(powered) ‘

)

U S' fer - -
~ Bottom electrodeq

grounded)

To outlet ‘ .

Fig. 2 1. 1) Schematic of plasma ‘etching processes in a parallel plate reactor:
with RF voltage applied to the. top electrode The dissocliation of‘CE"q by direct,

electton impact produces :free> fluo_rine .atoms available for etching the silicon
Aw.;»fet:'sit_t:ing on the grounded bottom electrode in this example.

2l
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The RF voltage, at 13.56 MHz and a few hundred® volts peak to peak
typi,éally, is amilied between two electrodes. Electrons are pulled out of the

atoms and energized by the electric field, creatif)g a chain reaction. The

'. gaseous volume the electrddes is .rapidly Monized " and energetic

x

" electrons, are available foi' breaking mble_cules such as CF4 in the example.

L}

The disSociated CFy molecules leave positi\.'ely and negatively charged CF;

2 v -

jons ‘as well as neutral CF3\__,radicals. Free ‘fiuorine atoms .a.reb also created
" which céh;- react with the si.lq‘iéon wafer 'sitting, on the bottom ele’ctrbde'.‘
Fluorine is known as a;x etchant for - silicon g‘é\cau.se it forms -\'/c;latile SiFy
molecules [5). C - , ' o e

‘ Therg"are two kinds. of discharges, DC and AC discharges [6]. AC discharges
used in plaSgna etching are referred to as (RF discharges .because they opérgte .
at :1 freqﬁenc‘y pf several MHz.'In'a .bC “&ischar_ge, a f;ohstaﬁt voltage is appiied
at A_}tlAle electrodes. If thé véltage is sufficiently_ high, elevctrons"wi'll‘ ‘be
extracted frém the atoms 'leaving' positively charged particles. The steédy
polamy_ of thé system makes it'ina'ppr.opria‘te for etcﬁing. Usually, at some
_» p.oi._-ntll of the manufacturin'g' 'process, wafers vare coated with insulating
materiai, In va DC discha‘rge,- charges Would; pile -up o_n’ the ':vaferumil't‘he
. discharge is extinguished [7]._' This proble;n is -%;come. by ul.sing AC
discharges. Charges a_ccumulated ‘on’ the wafer durihg ‘one half of the cycle
.are: removed during the other half and so 'the discharge can be sustained..

'Ir_l a 13.56 MH:z RF -discharge, heavy 'chargedl partigles like ioniied atoms
" or molecules do nbi respond.t‘o the electric field AC va_riationsi Electrons, to
.the.contrai'y, are light enough to follow the electrical force AC variations. As
a result of the differencej i‘nbion and électx;on mobility, the positively charged

electrode draws a larger electron current than ‘jon' current for a given

P
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_ voltage. This asymmetry\'\ts automatically balanced and the interelectrode

¢

region, or plasma, self-biases itselﬁ at a posmve DC voltage with respect to the

~electrodes so that a quasi constant ion' current flowmg from ‘the plasma

>

toward the electrodes compensates the electron current ‘excess. The plasma

region is electric field free' and is separated from soltd ‘surfaces by a posmve

“space charge region called sheath (Fig. 2.1:2). Energized electrons not only

dissociate molecules, they also excite electronically the atoms and molecules

t . © L . :
. which relax by emitting photons. As a result, the plasma region 1s bright and

it is also call‘ed glow region. The sheaths being virtually electron free, they

‘ appear dark on both sides of the glow region. The glow region is therefore

“the place where dtssociation occur. The plasma potential is always higher

than the electrode potentials. A theoretical argument indicates that its
potential with respe,_ct' to ground is about hz"»”lf the peak to peak voltage applied
to the electrodes [7] Electrodes with different areas or made out of dlfferentp'

matenals cause a net DC bias to form between. the two plates as mdicated by
‘0

Vb in_Fig. 2.1.2. Unlike the plasma DC pftential offset, the plate to plate bias

.can be _‘readily measured with a voltm ‘/er.‘ The - voltage drop between the

plasma and the electrodes is typically a féw tens of volts to several hundreds
of volts dependmg on the type of reacfor, the plasma chemistry and other

operattng condmons As ions enter the sheath they are accelerated toward

o the electrode and bombard its surface The ion bombardment contributes to

_‘the physical part of the etchtng process. A strong ion bombardmem can

knock atoms. off ‘the wafer surface, physxcally etching the material exposed to

- the plasma. Such etchmg is referred to as sputter etchmg because of thel

similarity with sputtering. Reacttve Ion Etching (RIE) is another type of

jon-enhanced .etching. RIE is a comblnation of sputter etchtn%d plasma

4

etching. .
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Potential

.Electrodes
Sheaths

V,, plasnia potential .
\
round
0.0 9 :
‘ DC bias
-V

Fig. 2.1.2) Schematic illustration of the potential in a parallel plate RF

discharge.




Here, plasma etchmg is used in_ the sense of chemical etchmg, although in a

\parallel plate reactor, ion bombardment cannot be separated from chemical -
etching. The ion contribution to* the etching process is enhanced by placing

the wafer on the. powered eleitrode and by making that .electrode smaller

than the grounded electrode. This will increase the plate to plate DC bias s0
that lons experiﬁe a greater uoltage drop when striking the wafer surface.

Neutral specles,* on the other hand, are transported to the wafer surface

\

by diffusion. Durtng the etchmg process, the plasma is constantly fed with

new gas and only a fraction is converted .into reacttve species. Htgh gas flow -

[N

rates help remove the reaction by-products from the reactor chamber. The
total input gas flow rate also determines the residence time of species in the
‘ plasma. The residence time is affected by the plasma volume too. The gas

. . : ' . "'.‘

pressure determines the amount‘- of reactant in the gas ph-ase.,—At operating

pressures below 500 mTorr, ion bombBardment partrcxpates actively to. the

etchmg process (RIE) Above 1 Torr, collisions between moleculées and ions

reduce the ion contribution and the etching is mostly ‘a chemical process
. (plasma etching). The'plasma is sustained hy the power “he generator
delivers to the electrodes. |

The total gas flow rate, the total ‘pressure in the chamber and the power
deposrted in the plasma ‘are the typtcal process parameters of plasma etching.
The electrode spacing, when it can be’ adjusted in a parallel plate reactor and
the individual gas flow rates, when a mixture of gases is ‘used, ’are other
examples of process .parameters. The process 'parameters can be adjusted
conttnuously wrthm their operatmg range from the reactor control panel

In the plasma, the electron temperature can be as high as 10° X [8] but

ions and neutrals remain at room ‘t'emperature, thus, 'providing ‘the ion

bombardment is not too strong, plasma etching is not detrimental to

10-
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microstructures. Etclung at room temperatute avoids a too raptq Wlon of .

the *resist as well. Although, the ‘reactor temperature can. be controlled it is
. ‘ : , Ly

¥

usually not a process parameter.

The choice of reactor geonietry, gases and progess parameter values
' . , s A
translates into e‘tch rate of materials exposed to the plasma. The directionality

"of etch affects the tsotropy or anisotropy of etch while etch rates determine
\ .
the throughput When removmg a srlrcon oxide layer on top of a polysnltcon

transmtor gate for example, one must make sure’ that the poly etch rate is{

_much slower than the ‘oxide etch rate so ‘that the gate is not altered by the‘

]

oxide etchmg process The ratio of etch rates . of different matenals exposed to -

the ~ same process is the selectivity of etch. The etch rate must be uniform -

o

throughout the wafer, throughout the reactor\if it holds several wafers at a
A

time, batch to batch and day after day In other words, umformtty of etch and

'

repeatabtltty of the process must be achteved

2. 2Plasma etchers /

There are several kmds of plasma etchmg reactors [2,3,9]. The earliest,

type is the barrel reactor, shown in F,tg, 2.2.1, which can hold. 25 to 50 wafers
. ' 4

gas admission . “
LG =
cage
&5
- hexode
@ ‘—@/ _ (powered
G) RF . " e - hexagonal
Ny ~ @ @ electrode)
’g‘\g — wafer _
= ground ' >
: . ) gas exhaust

Fig. 2.2.1) Schematic of -a batch barrel hexode—type plasma etcher.
. . ) ,

"4.
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depending on their size. _‘ .
Wafers are placed on the inner, powered *arrel- shhped electrode. The

cage serves as thp grounded electrode. Because barrel reactors operate at low

'ﬁressures (10-100 mTorr) and because the wafer carrier is smaller than the

outer electrode, those reactors are Reactive Ions Etchers.

.

The parallel plate reactor conflguratron has been mentioned above. The

‘Lam AutoEtch from Lam Research Corporation is the etcher used in this work.

The same machine is. currently used at the Alberta Microelectronic Centre for

L4

iﬂi(‘)z contact etching- (Fig. 2.2.2). It is a commercial plasma etcher with

parallel 8 inch electrodes. -One wafer at a time is processed in the plasma
chamber The front control  panel allows the }programming of 'etching
re'crpes The process parameters are then automatically controlled by a
comouter. Currentv status and recipes are displayed on the CRT screen.

Wifers to be etched are loaded on _the left sidc of the mzrchine. A cassette,

- or boat, hol‘ding up to 25 wafers is placed on ;thc_ left indexer. One by one,

V4 . o
wafers are automatically- ,conveyed fromi the boat t the entrance loadlock via

a‘

a conveyor belt Then they are lifted up and deposited in the entrance arm.

Once in the loadlock the pressure is lowered from atmosphere down to about

- 60 mTorr oﬁ(u,trogen During the etching, the wafer sits on the grounded

bottom anodnzed aluminum electrode For oxide etcm'ng, a graphite top

=e1ectrode is used whereas, for polysrhcon etching the etcher is -equipped w1th

an anodized aluminum electrode. After etch, the wafer is transported . through

the exit loadlock, and via the exit conveyor belt, to the receive cassette on the

‘right side of the *machine. At all times the reactor’ chamber is isolated from

atmosphere in order to keep the chamber as. clean as possible. The advantage
of an "automated etcher is that manual wafer handling is suppressed, which

limits the contamination of the wafers and the risk of breaking them.

k3
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:3"9." on = - - -~ -~ oxit station cover
eit \

- - - - -"CRT screen
£~ == = entrance loadlock
B, - - - - cqntrol pénel.

% - - - - Yentrance waler
cassette

== =="front cover .

[
:

1
. , gas outlet X
b p 1+ holes o .
¢ . o ' ) [}
t enirance arm wafer lifter '

entrance axit loadlock

loadlock « ¢  grounded bottom electrgde
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Fig. 2.2.2) Schematic drawing of’ the parallel plate single wafer etcher from
Lam Research Corp. used in this thesis {not on scale). ! : '
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Smgle wafer reactors allow a better control of the uniformity of etch

across the wafer as opposed to a barrel reactor which requlres control of the

uniformity over a much lénger distance. Unlike batch reactors, single wafer’

reactor throughputs are insensitive to wafer size. They are also more suitable
4

for research and development as well as for srn.rll productron purposes.

[

'Endpoint of the etching process, using™ optical emission technrques for

example, is easier with single wafer reactors since each wafer is treated

separately. On the other hand, .hi‘gher etch rates are required in single' wafer
. ‘s
reactors than in. batch systems in order to aéhieve comparable throughputs.

ln the Lam etchers, gases are fed through the - shower- head type top

-

electrode and pumped out at the bottom of the cha’%hber The frve input gas

lmes have individual control mass flow meters calrbrated for each specific

gas The gas flow ratés can be programmed between 0 and 200 sccm (sccm =
standard cubic - centimeter per minute, cc/min at 760 Torr and 20 °C). A
capacrtance manometer located at the chdﬂ‘bﬁ outlet momtors the pressure
vartatlons that the computer corrects by controlling the angle of the valve

srtuated at the chamber vacuum manifold. The chamber base  pressure is

about 10 mTorr. Operating pressures range from 0.1 Torr to a few Torr. A

| , water cooled RF generator delivering up to 1250 Watts in the model 590, and

650 Watts in the modei 490, powers the.-top electrode. In '.the model 590, the

cathod} and the afiode are cooled by deromzed water. The electrode spacmg,

or gap. can be adjusted and ranges from 0.2 to 2.5 cm. The rmpedance of the

generator is matched to that of the plasma by"'a matching network located
between the generator and the top electrode At high powers, it prevents
power from bemg reflected to the generator and causing damage. The

impedance of the plasma varies , with_-the gap, the-_pressu’re and the plasma

) '

chemistr‘y.



2.3 Film chaljact'

4

“The" etch rate xs‘ e difference in the\ film thickness before and after etch

divided by thé etch time. It is expressed in Ang'stréms/minutc (A/min) or in,)

micrometers/n}m’me (um/min). A Nanospec/AFT model #0100180 has been

———

-

used for measﬁremcms of Si0, and poly etch rates. The film thickness is

determined by the intensity of transmission of a light beam reflected

beneath the film. The Nanospec is programmed for the measurement of SiO,

1
N

films on crystalline silicon, polysilicon films on 1000 A- Si05 on silicon and

other materials. In oeder to calculate the uniformity of etch across the wafer,
the etch rate is measured at different locations. 5 inch "wafers have been
probed at 9 sites (Fig. 2.3.1). )

;;'da R .
r ~ :

Fig 2.3.‘1) General locations for measurement sites on a S-inch wafer.
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The avergge value of those measurements is simply called the etch rate.

16

The selectivity of etch is defined as the ratio .of the average etch rates of two -

materialg. ‘In this thesis the uniformity is defined as follows

uniférmity = 100'(max. etch rate - min. etch rate)/( max. etch rate + min. etch rate) '(2,1)

This definition accounts for the extreme readings because integrated devices

. _
are ‘all over the wafer surface. Contrarily to what one might expect, recipes

~ etching very uniformly have low uniformity values with this definition. A

process with high uniformity means therefore that etch rates at various ’

locations on the wafer differ significantly and that the etching is- actually

+

nonuniform.
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3. STATISTICAL DESIGN OF EXPERIMENTS
3.1 Empirical mddeilng .
Let us consider the plasma etching of silicon dioxide using the oxide
etcher Lam AutoFtch 590. In an integrated circuit, contact holes are etched "
througl; the oxide layer in order to connect - the metal lines with the

polysilicon gates and the diffusion regions of CMOSylransistors (Fig. 3.1.1).

photoresist °

BPSG/LTO /
field oxide
\

“silicon .

S
a) Before etch

photyoresist

1 BPSGyTO : ,
- field oxide
\ .

s

i silicon

.

b) After etch ¢
p

-~
-~

. Fig. 3.1.1) Cross section showing the structure of integrated contact hoies
in a borophosphosilicate }1@35 (BPSG) and low-temperature oxide (LTO) film.
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The task .of the’ process engmeer is deplcted by the following example A

'process must be developed . whrch etches the oxide: at-a rate of 6000 Almm or

: more in order to achreve a vrable throughput The umformtty of etch rate

e across the wafer must be w1th|n :t5% The selecttvrty oxide to* poly must be as

.htgh as possxbl. because the underlymg polysrltcon will be uncovered in

\

'some places bef"e complete removal of the oxrde The process parameters

A

-are, power, pressure, ugas flow ratqs (electrode spactng
y
Ftrstly, a sultable chemxstry must be chosen §econdly, what values of the

process parameters make the etch r%te, umformlty and selecttvrty meet the
a 3
-spec‘ffications ?-As -»villustrated in Frg; 3.1.2, varytng ohe parameter at &’ time

-

. may not allow the location of the_'true’gptimum. ) e (/
® / .
~ - optimum .
f . local - A |
K 'mex1mum N ,

@ 'm
. [72)
o
o
S =5 A s
0 -
T
'L', »,/
“ ce < o .
i t C
v’ ‘, ’
! h /Xl ™.
y ., | - N
. - " [ . ) /,r

Flg: 3.1.2) This 'fi'gure represénts a response ‘versus two”" pa"rameters; A single. =

Adimension .search along parameter Xl (f’at:k.line) 'leags to a local maximum instead

’

of  the true maximum, i o : S

, N
given parameter by

| B

‘ndomtzlng -the other parameter values [4] Hence it','

B
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mdrcates only the average trénds of a~response (etch rate, umformrty..) as a -

rl5 -

functxon of one parameter (pressure, power.. D). It is useful for ’determrmng

what are the general trends or ‘what are the most rmportant parameters and it
9./ i
requires only the use of a pocket calculator <
A ) =

The Response Surface Methodology (RSM) rs a stattstlcal method allowmg

the opti‘mi'zation of .a ntu;lt_rpara_meter proc_ess by conductrng . the
t T W

experrmenter toward the optrmal operatmg pomt more efficiently than the *
srngle drmensron search, Slmllarly with the orthogonal matrrx, it is based on

the statistical desrgn of experrments whrch means that 1nstead of measurmg
response values for arbltrary settrngs of th'e' process parameters. . the s
'responses are measured ,for desrgned values of those parameters In ‘o-ther

words, it 1s a strategrc search toward the optrmal prooess As a result ~not only

is the process/ optrmrzed but also a maxrmum of tnformatton is obtamed with a ,

) j
¢ mrmmum of experrments As opposed to the one-parameter. at -a trme method '
or a- random search, the statrstrcal desrgn of experrments is- a’ scnenttftc

alternative providing better resu(s in less time and with’ less work..

The RSM has been developed by Box et al. [4]. lts advantage over the Other
methods is that it provrdes a drrect link between the process parameters and
the responses it also grves the correlattons between the reSponses and the
process parameters. The RSM requlres that the picess parameters cah be
,‘;larled contmu.ously and have a. continuous effect on all observed responses. '

| It also requrres the. ‘help of a computer\to fit experrmental data wrth a, 5
mathemattcal functlon and to display the results Avtyprcalv RSM outputf is a ’ (
“ two-dimensional map of the response versus two of the process parameters.

Technically '-speaking, ‘the RSM is an all computed search tc)ward .a

mammum in the response It' starts w1th a multrfactonal linear fit of ‘the‘

NS

response surface in a subreglon of the parameter space A computer program

& ’ — ’ b - e



then 'conducts the experimenter' toward the maximum by following the
o, - | _
steepest ascent W'hen the linear fi‘t fails to-improve' the exp rimental results,

the fit is extendedNo a quadratic surface, which shows the local response

surface topology. When no more than three parameters are used

srmultaneously, the quadratic fit may be refined by a’ cubrc fit - (a cubrc fit

wrth more than three parameters would be rather cumbersome and of no

practical use). In th_rs,work, _the " term RSM refers in general to nonlinear

©

multifactorial statistical design - of 'ex"periments.
3.2 The‘Reépo_nse Surface Methodology (RSM)

3.2.1 Mathematrcal model
The" n;esponses are related to the process parameters wrth a polynomial

functron called a’ multlple regresmon equauon For example, the etching of

silicon dioxide in a Cﬁa/H‘e pl_asma_,c‘an -be'related to bressure, power. and

helium percéntage in the feed by 'v'a., qnadgatic_ "polynomial : K

a

etch rate .

2.
y1= a1+ 32X1+ a3X1 + a4X2+ asx X2+ asx2 + a7X3+ 38X1 X3+ 39X2X3+ a1 0X3

Y1= a1+ 3 a] J ‘ j=2,...,10 E ’ ﬂg < (31)

umﬁormny F: : : @ - g _ LI

@ p .t . y 2 /

y2- b1+2 Cj=2,.,10 0 ‘. o b3

where Y4 the oxide etch rate, and y, the uniformity * are functions of. power

Xy, pres-sure X5 and helium percentage Xj. Mode@terms Tj are combinations of .

R L B2

20



indépendent parameters Xj , j-l,i,3". The model coefficients a,,...a,q and

“b1,...‘.b10 must now -be determined. Since there are 10 coefficients .in this
b4 >

g

model we need at least 10 experir'n‘eﬁtal points Yy; Yo, i=1,...,10. , corresponding

to 10 different combinations of Xy Xoj» Xgj i=1,...,10 where the index i now

denotes the itf experimental value.

A FORTRAN program, ,named LSIFIT (appendik A), for the leas‘t_-squarcs'

fitting' of multiparameter nonlinear functions has been developed. The

i Lt . ] . 0
algorithm' is from reference {10]. LSIFIT calcutates ghe ‘a's and b's’ such that
the residual sum of squares x? - Zi(yii-in)zi j=1,2 , be minimum, where Yji
is fésponée Yj jth calculatqg/ﬁﬁ)e and in Hits cdrresponding ,éxperimenml
value. However, the X  j=1,2,3 ; i=1,...,10 must be chosen adéquétely. In other

)1

words the experiment must be designed -in order to nimize

intercorrelations between _X“', Xoir Xgj- Th'e/ iydtéﬁd‘krelation (also called

| o ‘ @ : S
simply correlation or covariance) fik= Zi(T“-Ai)(Tki-Ak)/~ (VjV k)_”2

measures the amount - comprised between -1 and +1 - by which two. model

terms Tj, Ty are dependeni to eééh_.other. A]- and Vj denote respectivelyﬂ the

&

average and variance of model term. Tj.'Wh_en two i1crms are. perfectly

correlated _(rjkéﬂ), their effect on the resbo’nse cannot be distin»guished.'

Finally, a ot!  order poly'n'omia,l requires independent parameters ‘having at

'least n+l levels.

S

The Box;Behnkeh'design' meets these }require'ments [11]. In. our example it

P



could be as shown in. Table I. + denotes the upper level - the lower level and 0

)

the intermediate lcvél + and - are at equal distance from the mtermednate

Q

level.

r

Table!:
g -:".‘13’ " .
- ;@3‘4’- ’ Run# X, Xy X3
T + 950W 25T 31.5%
Levels: 0 900 20 25
' - - 850 1.5 12.5
ro + + 0 -
2 + - . 0 .
l& 3 - + 0
4 . . 0
5 + \0 +
6 + 0 -
7 - 0 +
8 - 0 : .
.9 0 + - +. ,
10 0 + - '
11 0 " - + ’
12 0 - .-
13 0 p -

Ip three diifiénsions, it is possible to visualize the design: (Fig. 3.2.1).

3

-1 Q +1
1 |
h .
3
& |
B :
He

i
i
_—

. pressure —b

Fig. 3.2.1) 3-~-parameter 3-level Box-Behnken design re&ui‘ri\ng 13 ‘expei‘iments

plus replica"tes .
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'3.2.2 " Experimental error o v \

'y

There .are various sources of error In our example uncertainty _ is

assocnated thh film thlckness measurement which itself splits into two parts.
. The intrinsic maccuracy of the Nanospec contributes for one part The etch
rate ts related to the dlfference between the film thlckness before and after
etching. When unpatterned wafers are used ‘those measurements may not be
done exactly on the same spot, which accounts for .the second part. The etcher
.1tself controls the parameters ~within some uncertainty. Most of all the

: process repeatability is not perfect To be consrstent one would like to account

for all those sources of error in a sxmple and expenmental manner. Thts is

achieved by replicating several times the center point (X;=900 W, X2=2.0 Torr,

X 3=25%). The experimental error associated to the _response Yy is calculated

»

according to

Ex =Zii(Yki'-Y_ki)-2/A(2m) o " (3))
o ‘ : 3
where the summation is taken on all pairs ij i#j of replicates and m is their> "

number. ’ ' : 2
\ ‘

L ' ' .
3.2.3 Parameter range . ‘ \

The range over Wthh a parameter is vaned must be determmed s0 that
the. response at + or - levels is different from the response at the center pomt
by far - more than the expertmental error. On the other hand the larger the
range the lugher must be the _order of the polynomlal A trade off must be

.found depending on the goa_l. Measuring the.response for four values of the_

most important parameter, if known, may help determine a suitable order of



polynomial. If the curvature of the response seems monotonic (concave or
convex only) a second order polynomial is adequate, if the curvature seems to

have an inflection point (concave to convex) a third order fit is required.

3.2.4 LSIFIT's features L : C A JN

o Given the parameter values (pressure, power...) and the corresponding

responses (eich rate, uniformity...}, LSIFIT calculates the model coeffxcrents,-

ancl'outputs-various statistical tests allowing the user to judge the quality of

the fit. In ’thls' thesis, the least-squares fit ‘gorithm from reference [10] has

been completed tof‘provide the' model coefficients individual F-ratios which

allow the user to identify the important terms. Model coefficients with low

F-ratios can be dropped out of the mode&ﬂeav‘ing a reduceo polynomial. The

program also ‘outputs the correlations between the parameters and the
" responses themselves, -and between responses and parameters. Data, fit,

resrdual and relative residual are displayed as well as current ‘statistical tests

such as the frt Fratro, the adjusted quuare and the experimental error

F-ratio [411 12, 13] Lrnear and quadratrc ‘ftts-for any number of independent
para eters can be generated as well as cubtc fits for up to three parameters.
For n'Luadratrc fits, the program indicates. whether an extremum in the
response (maxirr__t,utn‘ or min'i'mum) is reached within the »e;rperimental
‘wmdow of the parameter space. This is usefuI when the expenmenter deals
with more than three parameters at a time Wthh makes it rmpossrble to
vrsualrze the response surface Custo’mrzed functrons can. be defmed “in the

source code as well. The software runs on any computer ‘that supports

FORTRAN, involving only -minor modifications. A personal computer is

suttable to run LSIFIT for‘ﬁmost practtcal applications and typrcal run nmes

range from 15 seconds to 2 minutes.

24



3.2.5 Contour\plots

A FORTRAN program, named MAPPING (appendix A), for displaying-
two-dimensional contour plots of the responses Versus two par.an‘xetcrs has
been developed on_é Macintosh .from Apple Computér. Because of fhe use éf
the Macixl\tosh's" ROM, MAPPING is restricted to ithis compu.ter. MAPPING maps
out the response comdur liflés ,asila fun::tion of two of the process parameters.'
For that,’,‘it uses LSIFIT output model coefficients. The ‘user can qhoose‘
.interactively the parameters, their range and the responses to be. displayed. .
Several respons‘es can be seen simultaneously and regions where a res_ponseil
takes specific values can be ﬁigh!ighted_ which makeé. the program suitable
for process optimii’;tibn. Contour p.lots presented in this thesis have been
drawn by MAPPING.
' 3.3 The applications of the RSM
.The statistical design of experiments is useful for :

. -

- Optimization of manufacturing' processes.
- Characterization of manufacturing processes.

- Application to research. ‘ .
References [11,14-19] illustrate. the use of RSM applied to various problems.

3.3.1 Optimization of plasma etching processes
The optimization of plasma etching processes does not necessarily consist
of finding the maximum etch rate or selectivity alone. The goal (s rather to

find a set of operating conditions for which several responses meet together
-, i -

the experimenter's specifications referred to as the target. As an example, the

- etching of contact holes in SiO, on top of pblysilicon*illustragcs the use of



RSM. - ‘ A
An actual process for contact etching of SiO, on Si uses CFy, CHF, and He.

It is a two-step process. -The first of which, referred to as the .low-sel{m:tivity

. selectivity of etch between oxnde .and un(lerlymg silicon. . Their etch rates is

[ 4
in the ratio of about 2:1. The second step, referred to as the high- selectxvnty

step, is used for etching down the remaining oxide without etching too much

of the underlying silicon. It has a low SiO, etch rate (less than 3000 A/min)

)

and a higher» selectivity (above 7:1)." ~ ‘ .

When etching silicon, free fluorine atoms arriving on the silicon surface

are Xirst consumed. to form volatile CF4 from CF, (n < 4'5 molecules on the

. surface [20] The - remainirig fluorine atoms are available for etching the

srlrcon Selective etching of silicon dxoxlde versus (poly)sxhcon is due-to the

preferential deposmon of polymer on (poly)sxhcon ra;her than on SiO,. The

build-up of polymer from CF, radicals in the plasma _competes_ with the actual,

etching mechanism. The selectivity “oxide to poly raises when the flow rate of

CHF3 is increased. Optimizing the selectivity consists of working at the onset

of ~po|ymerization which, in' the conditions of that experiment, occurred

when the [CHF%]/[CF4] flow rate ratio exceeded 1.2 [211. N

It was proposed that adding argon to thrs process allows . etchmg with

larger [CHF3]/[CF4] ratios w-ith'ou_t depositing polymer, whlch é“ turn should

4

increase the ‘selectivity.

21 S5-inch«Si0, and poly wafers, p‘atterned with a.contact mask, have been

etched 'in order to ‘test the argon progess during the hig'h-selecci\iityl step. The

26
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' step. has a relatively high SiO, etch rate (about 6000 A/mm) and. a low. o



)51
. poly wafers were doped at. 20 to 30 Q/Square. The photoresist (type ONPR800,
Tbkyo Ohka, pogitive) has been hardbaked for’ 30 minutes at 140 ©C. In order to
~ simulate "at bes;t the flow of events during production, the sequence of etch

was as follows : 1) blank crystalline ‘silicon wafer (dummy wafer) etched for 2

, R .
minutes with the low-selectivity step followed by 5 seconds of the:

. high-selectivity step Then 2) ‘Thermal oxide and 3) poly wafer etched during -

1 mmute/it?the hxgh selecuvnty step.

A Box Behnken desngn wasi, chosen for charactenzmg the process as a

function.of 3 parameters : CHF3'and Ar flow rates, power. The pressure and
. . ~ .

the 'gap were held constant. The purpose of .this experiment was not to

optimize the entire set of ‘parameters but rather varify statistically the
s . .

3
’

assumption that adding argon Allows ' addition of CHF4 without depcsiting

polymer. Also a 3-level 3lparameter Box-Behnken design requires only 13

different recipes and the intercorrelations. between model terms can be kept -

low so that unamblguous mformauon can be obtained.
The oxide etch rate, the uniformity of etch- of oxide and the selecuv:ty.

oxide to polys1llcon have been fitted by quadranc polynomlals ‘ -

Etchmg recipes w1th {CHF3]/[CF4] ratios up to 2.0 have been used without
‘\ N
observmgqpolymer deposmon on vthe wafers. Whether polymer forms on the

wall ’w reactor or not has not been mvestlgated Polymér formation on

the walls can affect the process, repeatablllty after hundredE of .runs. As

‘ expected increasing the relative amount of CHF3 raises the selectivity (Fig. .
S 3.3.0). For [CHF3]/[CF4] ratios abow}e 1.7, the map indicates a ,dec,reale in

selectivity. The explanation is the follo&ying : the resporise function RFg, for

y 4 ¥ ¢ -

) . . [ . . . Y. * » *
the selectivity™S.is a gaussian function tending toward 1.0 as the selectivity

»
7
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' ' é
approaches 12:1 by superior or inferior limit. ' .

. RFgg = exp(-(S-12)2/32) f (3.4)

. »
V]
i
-

That way, very high, and’ there'fore nonrepéatable - selectivities found at. high"

CHF4 conterits, are disregarded by the fit. In the figures those x‘esponé‘?_\have

been converted in actual units. It is also observed that the selectivity
/
' -

improves with *increasing amounts of argon. This expcrimen’ confirms that

adding argon to the process allows one to slightly increase the selectivity.

~ {

Selectivity oxide :poly
. 240 - \ "
: 224 : :
. 10.2
v 2.08 97 y
192 . .
' R 176 4 L\ '\ 9
‘ W\Se

1.60 - ™3 T
1.2 14 1.6 18 - 20

’

93

{Ar]/[CF4]

.. [cHF31/(CF4]
f AN

R 4
Fig. 3.3.1) Contopr plot of the selectivity of etch oxide:poly as a function of
added CHF43 and Ar in the feed gas at constant power. The CF4 > flow rate is

fixed. Q ! : o

.. < e
, A 2
-

Under thé" same conditions the uniformity (f‘ig. 3.3.2) depends essentiially

on the relative amount of CHF3. It is usually correlated to the etch rate. -When

the etch rate increases, the uniformity decreases, which means that, relative

)

28
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to the etch rate, fast etching recipes tend to etch more uniformly than sslow

etching recipes (see definition of uniformity in section 2.3).

.
v

Uniformity of etch of oxide

2.40 ' \ \
224 4 ° \ “Nog
2.08 ‘\ 6.7% R

Y

T

= 33% 4% 5%

: 3 1.92' 1 '
1.76 1
1.60 T
12 1,4
[CHF3)/[CF4)

+
Fig. 3.3.2) Contour plot of the uniformity of etch of oxide as a functjon of
added CHFy and Ar in the feed gas at constant power. The CF4 flow rate is

"
fixed. '\‘

As CHF3 is added, the etch rate decreases (Fig. 5.3.3) indicating that polymer
formation slows down the etching of Si0y. In Fig. 3.3.3, regions where the

selectivity is above 10:1 (black) and where the uniformity is within iS»%
(shaded) have .been highlighted. It can be seen that they do not overlap,

. . . cpe .
which means that a process with the required specifications cannot be
AN
achieved in this region of the parameter space. Another way to optimize

simultaneously several quantities at a time is to write a function accounting

Ve

for all the responses. ' N
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" Etch rate (unf/min)

" ‘ .
2.40 : . ‘
D 28] , .
2724 ,
." 3101
e 2.08
s}
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\) 3 1.92
.1.76
1.60 T ,
1.2 1.4 1.6 1.8 2.0

[CHF3]/[CF4]

Fig. 3.3.3) Contour plot of the oxide etch rate in pm/min “mei a function of
added CHFy and Ar in the feed gas at constant power. The CF, flow rate 1is

fixed. The shaded area represents the region of the parameter space where the '

uniformity is within %5% while the blackened area 1is the reglon where the
selectivity is above 10:1. ’

Imposing the specifications stated above, we can write the following

specification response function >

Sp = exp(-(S-12)2/32)-exp(-(UN-2)%/50) | (3.5)
\Sp tends toward 1.0 as the selectivity S approaches 12:1 and the uniformity UN

- approaches 2%. It is a gaussian function with standard deviations of 4.0 for S

and 5.0 for UN Tal;ing «he product of two gaussian curves acts as a logical

AND and imposes that both responses be optimized together. &pne response

QK the other were to be optimized, a sum ‘of gaussian would be used.

Figure 3.3.4 shows the response function for the spéifications. The target

N

2 . - °
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is Sp=0.74 corresponding to 10:1 selectivity and :tS%‘ uniformity.

’
k)
Specification response funotion

240

224
T 208 -
S
= \
) 192 - 0

3
1.76

1.60

1.2 - 1.4

e

Fig. 3.3.4) Contour plot of the specificati sponse function as a function
of added CHF3 and Ar in the feed & consta . The CF,J flow rate is fixed.

2% uniformity while a value

iformity. \/\

This figure ‘indicates that, although it does not meet the specifications, an

[CHF3]/1CF4)

A valué of 1.0 corresponds to 12:1 selectj
of 0.74 corresponds to 10:1 selectivity an

&

optimum exists in the range of experiment. This optimum is at Sp-0.66 , where

[CHF3]/[CF4]-I.44 ‘and [Ar)/[CF4} =2.12 . Predicted etch rate, uniformity and

selectivity are respectively 2755 A/min, 4.8% and 9.6:1 . One concludes that
’ L4

the target should be searched in another window of the parameter space with

a different CF,4 flow rate.

é
3.3.2 Characterization of plasma etching processes

Once a process has been developed, it is useful to characterize it with the

statistical design of experiments. The etch rate, uniformity and- other

quantities of interest are characterized around the process operating point.

-
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'Whenever a response drlfts out " of specxf:canon, lhe contour plot of tﬂﬁat”‘

. 2

response can help the expenmenter pmpomt the problem. The map indicates.

at what operatmg condmons, and how far from the normai process, the new
> .
reSponse value hes. A systemanc characterlzauon of " various responses and

‘o v

A

for various pro,cesses;“ provi'qes a flngerpnn't -of ' the equlpments

performaq;;es, allowmg troubleshooting by cross compaaiSons.“For‘ instance,

‘, an off-cahbrauon pressure gauge will affect dliferently ‘edch response in

l‘

each ‘pro_,cess ‘and the avainlabll.lty of 2 data base can help identify the

problem. * o

Therefore, as opposed to process optnmnzanon, where only -trends matter,‘

process charactenzauon requlres d precrse and quantnatlve modehng of the

respon /e surface As a result the experrmental range for a quadratlc fit w1ll
i .
be relanvely narrow, or, as shown in Fig. 335 a. cublc fit w111 be necessary

e
_/ A

- /‘» e ' g Etch rate (km/min)"

,‘.\' -
e
L ‘
£
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.
v |
\ -
“ ! .
e
o .
a. .
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“. Power(KMatt) y v g
g . . N i \ g A 45 M

Fig. 3.3.5) Contour plof of the oxlde ‘etch ‘rate in pm/min as a funetlon of
power. and pressure at 150 -scem CF4, S0 sccm He. Gap is fixed: at 0. 35 em. O °

®

>
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This figure shows. SiO, etc‘h rates in a CF4/He plasma as a fu‘netion of pressure

’

and power. As ~th1rd parameter, the fra/uon of helxum m the «feed was varied

from 0to 50% The total flow Qf CF4 and He was flxed at 200 sccm while lhe gap

e )

was held constant. at 0.35 cm., Nested ‘Box- Behnken (pressure from 1.5 t0 25

.

Torr," power from 850 to 950 Watts, He flow from 125 to 37.5 %) and FCC
‘ (pressure from 10 to 3.0 Torr, power’ from 800 to 1000 Watts, He flow from 0 to

50 %) designs were used which corre,spondls to 27-d1fferent etching recipes
with S-level parameter values. (appendix B). g
In orqe‘f t;) verify the validity of the - fit, ‘subsequent Si0O, etch “rate

o

g Co o ,
measurements have been collected. An example is shown in Fig. 3.3.6: where a
: b ! ' I * .
i ‘ . ‘ o '

i

.

& Modsl

Etch :

3 M
g - A
(pm/mnn) - “M,Ew“oa 0 Mean
2 L = A %
. . : . . A Mmlmum" .
_ _® _ s Maxcmum
L .F | S

12 14716 18 2 22 24 26 28 3 |
- pressure (Torr) - o o -

o

Fig. 3.3.6) Oxide etch rate An’ pm/min ‘as a function of pressure at ' 150 sccm. . .
CFg4., 50 sccm He, 900 Watts and 0.35 cm gap. Comparison between mathematigail

" model ‘{diamonds) and subsequent’ measurements- (black & white.tr;ianqles,'squar‘es) .

. P poor)

N
A B
e B T :1
. &

section of - the “map along the pressure axis is compared ,with experimental, .




1 ]
.

data The sectlon is at 900 Watts power and 25% He in the feed . The black

- diamonds - fepresent the mathemaucal modél wh'ile the ‘squares are the

‘"

average 8tch rates on the wafers. White and,b-lack triangles indicate ‘the
Spread in etch rate “across the wafers Along’ that sectton, only three ‘points, at
lO 2.0 and\;(: Torr pressure, belong to the desngn used for that experiment.

Although the” del is based on expenments done several weeks prior to the

cheek; both are in good'agreement, except for the‘ ponnt at 1.0 Torr which

- proved not to be repeatable.

. one réquires relatively high etch rates of 5000-8000 A/min for Si0, .g'ontact

*»

3.3.3 Application to_ research
Nowadays',. theoretical models for physical or ‘chemical lprocesses rely
heavily on cornputer numerical simulation. vNumerica-l techniques lack the

. ;
sxmpllcxty of a mathematical formula and do 'not. allow the sxmulated
O . e

opm‘hlzauon of a process dependmg on several theoreucal parameters In

. P 4

this -respect, the statistical desxgn of expenments is ‘useful in estabhshmg a

data base for comparison with numencal simulations as will be illustrated in

- &
the .next chapter. P o,

3.4 Summary - y Lo _ :

4 -

As the minimum feature S1ze shrmks, dry etch as< opposed to wet etch

becomes "a must for mrcrgelectromc devxges gﬁanufacturmg Consequently, a
p _

- tighter. control and% a@ﬁ:el} undersiandmg of plasma etching processes is

A

B s
'_reqmred In order to acﬁ‘eve viable ~throughputs wtth a single wafer etcher,

I
z

etch during the low-selectivity step for example. ‘The etch rate’ uniformity

and the process repeatab_jlity{mu;t be wi_thin t5%. - s Ql

The .optithization and the characterization of microelectronic processés

-’
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consist of relating physical quantities of importance to a set of operating

process responses, such as- the 8102 etch rate, the umformrty of the etch

across_ the w‘afer and the’ selectrvrty of the etch between the oxrde and

underlymg matenals can be affec;_ted by i_the power injected. in the plasma,
. l ".n)

J ﬁwﬁates and the electrode spacing.
i’. 'y N e

This . information is neCessary for ° 1mprovmg exrstmg processes

the pressure, the gas composmon,

(optimization) and developing new processes Since the physics and .

chemrstry of plasma . etchm-g is not 'well understood yet the only‘

‘strarghtforward way to model plasma processes is to rely on experrments
. e
Therre it

is desirable to get’ max;mum mformatron with minimum

o . N 2
gentation. The statistical design of experiments (RSM) consists of .

experrments SO‘ that unamblguous information can .be

.

xperrmentally obtamed Flrstly, responses (etch rate etc) are measured for

LV °.
desxgned values of the ‘process parameters Then the responses are related .to

. “ the process parameters by a polynomlal with coefficients that are determined
by a ‘least-s quares frt. As opposed to the orthogonal matrix method the RSM

acco,unfs for .simultaneous variations of several parameters at a’ time,

«

t allowing( thus to eventually find the "true" optimum.

«

The RSM s useful for improving‘ existi_ifxg or new processes and
“charactermng productxon processes which enables the process engineer: to
1dent1fy eventual problems Tt can also serve to create. a data base for further

theoretrcal modelmg

For those purposes, two FORTRAN programs have been written, the first o'f

. which perjz/rprs a least- squares fit to experlmental data. Various statistical

.

. tests allowi g..the -user to Judge the valrdrty of the fit are output. The sécond

P ' ..' 5 &tn . )
P SR . E N

conditions. With regard to’ SiOzy etching, the  purpose is typically to find how



hv )
% o
L] J;
. Do

S R

~

program is for dtsplaymg contour plots of response functions., The software
can be used for charactenzmg any kmd of ptocesses A\ user-guide for RSM

analyses wrth this, software has been wrttten (appendtx A)

)

The use: of RSM  has been demonstrated for the opttmtzatron of contact

-

etch in a CF4/C,HF3/He/Ar plasma. 15 5 inch thermal oxtde and polysrllcon

wafers have been etched after a 3 level, 3- parameter Box-Be_hnk_en design. It

s shown how the addmon of argon in this . chemxstry allows etching with

lower F/C ratlos m the feed w1thout deposmng polymer. It has been

demonstrated how the simultaneous optxmtzatron of umformtty of Oxnde etch

\
L3

and selecttvrty of etch oxide to poly can be conducted with the ‘software.
._r‘ - . .w’
- To 1l‘lustrate process characterization, the SiO- etch rate has been
- ' - o . . )

rneasured l'n—a CF4/He plasma for 2\7 ) different combinations of power,

i N . d‘ .'. B

pressure and fraction of helium corrlspondmg to a S-level - 3-parameter
4

nested Box- Behnken FCC design. Cross. sectxons in the etch rate surface shows
' L

that model predicttons within the expenmental range aﬁ in - excellent

'.agreement with ‘subsequent measureme‘nts'.

-

The Si0, etch rate~ -and untformlty of etch the oxide:poly selectivity have

been measured in a C2F6/He plasma for: 25 -combinations of power

a

(0. 76 0 84- 0 92 kWatt), pressure (0. 75 1. 25 1.75 Torr) helium (50-70-90 sccm)

. %nd C2F6 (86- 100 114 sccm) flow rates. and gap’ (0.3-0.5- 07 cm) on 3 levels. The

36

responses were fitted by quadratic polynomlals. Although the fit is .

5y
statistically good and estimates accurately the expenmental observatlons, the

A

ltmtted amount of data points did ot yleld good predtcttons in terms of ma]or ‘

trends. More da’ta should be collected- in order to characterize this process.

Also,. process repeatability wi_th CyFg is not as good as with CF4 which makes it



s

=

difficult to 'get'a realistic fit. The relatively poor performances of the CoFg/He

‘chemistry obtained at that time are attributed to polymer which may, be
3
deposrted on the wafers or in the etcher, leadmg to nonrepeatable results.

"»

The samge remarks apply to C3F8/He chemns&ry With about 23 sccm of C3F8

and 120 scém of He, some oxygen (5-sccm of 02) must be added in' order to

trigger the etching. .
The RSM is most suitable when hmtted to - three parameters. This makes it

) ,

possrble to - vrsuallze three- dlmens10nal response\ surfaces Also, with a limited

numbeff of parameters, the experimental observations are only weakly

.

correlated to _}~each other,” theréfore providing unambiguous information.'

<

With five parameters and quadratie fits, as was experienced with the C,Fg¢

. . 0 "
process “and other chemtstnes, only " a subregton of the parameter space can

be modeled of a large number of wafers (about 50) ‘may be requrred in order

to get a representative fit. Furthermore, it bec'omes difficult to interpret 2D -

" maps when dealing with four param'ters‘ or more. Ironically enough, as ‘the
number of parameters increases, one, ten’dﬁs. to use less varigbles in the
graphs With two parameters, a 3D picture (Fig. 3.1.2) shows at a giance the
response surface Wlth two, three and four parameters, 2D maps - are suitable.
With four, five -and more parameters the tendency is to look at 1D secttons of
the response surfaCe |

Wxth four parameters and more (only quadratrc fits in lhlS case), _the
ftttrng program's abthty to search for an extremum in the response is very

-r_'useful A qutck look . at the contour plot’ around the. extremum determines
vwhether it.is a minimum.‘ or a maximum. When dealmg with several
responses, it i‘s advantageo’us ’defining“”a specification resp_onse ;function'as,

described in section 3.3.1, so that. if an optimal process exists inside of the

37
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experimental window, it will be located by the fitting program.

So far ‘a fully automated search toward the maximum, as described by Rpx

(4],- has not been lmplemented in the fitting program However, it is not
really requrred for the opumrzauon of plasma etching processes on the Lam
_etcher, since the practical parameter space can be completely covered by

only a few experimental designs.
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— & PLASMA DIAGNOSTIC

" 4.1Methods N L

Since the development\of a theoretical model’ for process simulation
~depends critically on experimental verifications, it- is essential /to compare
%

the results of ° simulations. with _plasma diagnostics etch rate

L
measurements. While etch rates can be easily measured, the experimental

diagnostic of *a plasma is much more complicated.

The 'plasma)i's. characferize\&~ by its electrical propéerties, namely the

"f

electron concentration and temperature, the potential,' the- electric field in
the sheaths,__and by its chemic'ai composition. The plasma electrical
properties cap be characterized using Langmuir probe techniques (8,22] and
spectroscopic cnalyces of excited s;ecies in the glow region [23]. The probes
should not disturb the ‘plasma and the interpretation of the 'measurem'ents is
complex, but the)} offer the _advanrage of an in situ a'nialysis with spatial
re‘solut'ion in the reactor.=’Spectroaooj)fgj-’ rﬁea;urements will be explained in
derail later, therr_ advantages are that they require ndnintrusive too'ls‘ and the

results are readily interpreted. Spatial resolution in the electron density

" measurements can also be achieved with this technique by using optical

. L]
lenses to focus the measure. N

’

'

The. plasma chemical composmoo can be analyzed usmg opucal emission
pectroscopy, mass spectrometry and.gas phase titration [24]. In this case, tfie
opucal spectroscopy prov1des a quasr "in suu measurement of the relauve_
concentrauon of some species known to be in the glow regron, whereas mass
'spectrometry-mdlcates what species are present in the gas ‘Ynse. The
drawback of mass spectrometry is that ‘downstrcam measurements 'ide‘ntixfy

only stable or iuag-lived products. Therefore if reactive species are to ‘be

-39
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analyzed the mass spectrometer must be mstalled ‘as closé as posstble to the

discharge in order to limit gas phase and wall recombmatlon of reactive

v

species into stable 'molecules. Finally, let us mention the induced optical

emission spectroscopy whereby atomic and moleCular optical excitations are
controlled by a laser, as opposed to the passive optical emission spectroscopy
which is based on the rqypmtormg of atomic and molecular relaxation' of

species excited by electron impact. Ths mduced optical emission spectroscopy
) . .

requires -a costly, sophisticated experimental setup.

o .

. -

4.2 Experlmen'tal setup

The plasma etcher has been described in section 2,2. Both electrodes were

of anodized - aluminum for experitnehts with C'F4102' discharges because

plasmas with large atg,ounts of oxygen, say 1 Torr O partial pressure, would

etch the graphite top electrode mormally installed in the Lam AutoEtch 590.

The experimental setup is shown in Fig. 4.2.1. For the spectroscopic

dtagnosuc, a fiber 0pt1c collects . the light emxtted by the plasma through the ‘

rear quartz. window. The ~emission - mtensnty g was monitored Wwith a
| rrtultichannel analyzer .E_G&_‘G Plasma Monitor 1451 which has a resol:tion'of‘
1024 channels. ‘ ‘
The emission intensity spéctrum was recorded on a X-Y plotter: M_ass
‘spectrometric data were obtained from a differentially pumped UTI 100¢
system The ion flux intensity spectjum was recorded with a chart recorder
whlch paper unwmdmg speed and sensitivity could be adjusted. Fmally,

silico@b{ rates were determined by measuring etched step heights with a

Tencor Alpha Step.

- 40



GLOW.DISCHARGE CIRCUIT /

( ‘Mat'ching
RF network /ﬂ
13.56 MHz @ '

» ' LY R

H ‘ !:odtle‘t'
QUADRUPOLE  peTECTOR N
SPECTROMETER |ofem

wlii | ANALYZER T

’

CHART S PLOTTER
| RECORDER

U _LI

hY

Fig. 4.2.1) Schemttic representation of the experimental setup for the
diagnostic of, CF4/0, plasmas using spectroscopic and mass spectrometric

analyses.
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4.3 Spectroscopic- diagnostic

4.3.1 General principle - ' e

The spectroscopic diagnostic of plasmas is a simple nonintrusive method
for determining the relative variations in the concentration of exgited
species with changing process parameters. Since, in passive spectroscopy,

. N \
the atomic or molecular excitations are due to direct electron impact, the

” emission intensities will also be related to the electron density. and energy

. \
25]. Assuming that the most important excitation process is by electron

impact, one has :

X+e —ky> X' +e excitation 4.1)
X* -k, > X +hQ ~ spontaneous emission “42)
X*+ M -k q—> X+M quenching ' ' 4.3)

. : * . . , '
where X is an atom and X denotes its excited state. e represents an electron

while M is a third body (atom or molecule). X" relaxes by emission of a (photon

\‘ N .
of energy hQ. We also have k = At-1 where At is the natural lifetime of the

N . .
excited state. The emission intensity I,. is related to the concentration of X

;

atoms [X] by

Iys = kyne [X1/(1+[MIkg/kp) , (4.4)

.

Assuming that the deactivation due to collisions is much slower than the

.

quntanebus emission [M]'kq/kr: « 1, one has Ix*/.” C'ky ng [X] where kyng is

Y ,

" referred to as the discharge excitation efficiency and it implicitly includés

42
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i .
the electron energy distribution as it will be Qispussﬁd‘in section 4.5. Under

. ‘
those conditions it is clear that if the discharge “excitation efffciency varies

with changing proce‘ parameters, I, . alone does not provide a measure for
L)

[X].

In order to account vfon the variation of the electron densityw as ‘the
process conditio‘ns are varied, Coburn and Chcp [26] deliberately introduced
in the plasma a small amount of an inert gas wl;ich has an c*cited state at an
éncrgy above the ground'state close tiy of the species.of interest so that
the eléctron distribution is about the same for both excitations, The optical

.

transition itself can take place between two excited states (Fig. 4.3.1).

-

F excited state® Ar
| At
. optical transitions. ,
k . ‘ k
F ‘ Ar
F .

ground states  * Ar

.

f‘ig. 4.3.1) The argon emission line intensity' is a calibrant. for the fluorine
. emission line inten‘sity because the direct ‘electron imbact excitations taklng
place between the 'ground states and the exclited states have comparable
energies.

.

-
a

The content 6f-,|‘ﬁtroge'n' or argon added to the studied chemistry should ﬁot.
gxceed 5% to not significantly disturb the plasma. ‘

The fluorine emission line at 703..7 nm corresponding to an _excited state at
apout 14.5 ev above ground, the oxygen ;i& at 777.5 nm are calibrated by the

argon line at 750.4 nm corresponding to an excited state at 13.5 ev above

ground [26] . Therefore one also has :

N

=

g
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" indication of the ratio of their total concentrations. -

-

44

Ipops ™ kAr'"_e'[A’] - (4.5)
which gives @ ' b

Ipe/ Tpps = (kp/k o) ((F)/[Ar] ) (4.6)
since the argon does not react in the plasma its concentration is constant,
thus one obtains a relative * measurement for the total concentration of
fluorine in the ground state by taking the ratio of both emission intensities.

‘ \\l\ ‘ d . .
Furthermore, considering the preceding example for ‘fluorine and

oxygen, we can write

Ioe/ Ips = (ko/kp)Y((OVIE] ) (4.7) *

.

P

¥

4.3.2 Quantitative approach

Let us calculate more _thoroughly the relattonshxp bet;:ween the
* : B

spectrometer reading, the concentration of an excited atom [X" ]/;%KL Jt.v total

. . ' “ . T, -+ SR
_concentration in the ground state [X]. The same assumptions as before w1t-h

T

regard to the excitation and relaxation proeesses are made.

Firstly, in a typtcal parallel plate reactor such as the Lam etcher, thé .

e 3
of photons per unit area per unit time through the plasma surface is | }el edy . |




Al = N 4nhp/(HRAtC(1)S) [Watts'm 2] (4.8)

o

-

where Alu is the intensity of the plasma surfgucermu the number of counts

during the sampling time. Moreover the following symbols have been used :
( /’
'h Planck constant. ' -~
| transition frequency.
H plasma height = gap. .
R blasma radius (8" diameter electrode).
A area of sensitive surface on th\e\fiber optic. ’

tg sampling time in seconds.

" C(u) detection response in counts per photon at frequency p.
S in [m'2] is an integration constant that ac‘counts for the
fact that the sensor /recexves photons from dxfferer}t parts of the
.plasma surface. Therefore the 'fctor S depends on the position of

the sensor with respect to the plasma.

A d‘etaued derivation of equation (4.8) is given in appendix C. It has been

assumed that the nearest distance between the tiop of the' optical fiber and the

plésma i much larger than half th'é: plasma h}:i\ght,'_ that is, thes angle at

;s?;?“whlch the sensor "sees" the plasma thickness is‘ sma‘.t.- Otherwise ‘integration
2

X y the plasma height should also be camed out.

: .. The total luminescent inténsity Lu; of the plasma is therefore given by :

L, - 2nR(H+R) élu [Watts] . } (4.9)

“jhile'tlie density of photons ’,leaving the plasma per unit time

M is :
(

fy =Ly / huV (m-3s~1) o - (4.10)
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B that we wrll wnte fll = G N /C(u) since: G w111 be constant ‘in thrs studé\\

spectrometer readings contamed in flJ-

o . N e
introduging this expression for X in equation (4.13), it -becomes :

- ' . X . ) ! ’\." g .o vt
N ' . : o - * o ’
where V is the p>lasma volume : V = uR?H .. This leads to : ‘ R :
= 8w(1/R+1/HY( HRAt CusY TN | .. @iy
. a-«‘ 2 . s ’ ’ . - /_ e .
-’ . A
AL Tl

v

Let us now wme the balance equatlons for the photon dens1ty as‘l‘well as g;

: for the excited ato}m coneentratlon 1r‘1a the plasma :

A “ .
~a . *
; . . .

R L Wt ) ) ﬁ o L
' -1
dNyaldt = AUTIX D T
L - T | ‘ L o .
T XV = kemglX] - ACTXT] T (4.13) -

e S -
-~ LY

where N x* is the photon density for the’ X -->X transmon The summanon

‘over* | ‘accounts for th'e er(ussxon lme w1dth therefore the summation should
N | : B :
be . camed ‘aut on the frequencxes arou’nd uo, the emlssmn line fre_quency.

)

~Physacally it should be .an mtegranon along the frequency axis but smce the

N L]
multlchannel anaiyzer drgmzes the spectrum, ,the summatton is made on the'

A._chann‘els At steady state, both ﬁuauons equal zeio and "using pquauon

KRN [4

(4 12), the - concemrauon of excxted X atoms [X ] ¢an be related to the

- ' ‘-"‘t,

»l &£ . . N »

. - . . o

!x}im\{zﬁlf’l’ P \ ERT - @

RN ,

[ . ' g : -
oo ' o - ' P S e



- S o
(X1 = T, fglkyng = (G eng) I, Ny/CW)

. N
»

QA ) L. .
’ . ~ ’ . i v - M . . \

NH’ the spectrometer reading has been. related to the total’ congcentration of X
N /' ‘ . . - . ‘LA . ;.

in ‘the ground state. This expression 1s the same as the one written at the

beginning for the intensities (equ. (4.4)) : ) !

s Nu (Clg)/G) Ky Mg[X] | . @16 7

4 . . -
. . i v : s _
: e . ‘o - | . 1

Only now we have an absolute value for [X]. G can be calculated or at least

_estimated. It has been assumed that C(u) .._'does not change significantly‘ over

k 4

" the emrssron line wrdth and ‘equals C(uo) We still need to know ky andvne.

\

e

he Y

" 4.4 Experimeatal results

r

4.4) ‘%ucal spectroscopy : e

[N
v

\argon emrssron tme 1ntens1ty peak value has been momtored as a'

Cp - r

/ﬁ\g}on of pressure in a CF4/02 plasma wrth the Lam etcher 590 empty of

wafers (Fig. 441) Smee the argon concentranon mcreascs as the pressure
) @ 1 .
,}mcreases at constant “gas flow rates, the argon mtensuy readmgs have been

divided by ‘the pressure This conec;ron has been done wnh respect t§ - the

" reading at 14 Torr o

J

As the pressure mcreases, the asgen mtensuy readrngs did not changef s

a

muci\ _ mé 1/p behavior shown in the frgure r,s ther‘efore maml-y a

consequence of the correction’ Under the assumptrons made earlier this

4\/\ -graph ‘represents the vanatlons ‘of rh}: dlschaige excrtahon effrcrency,?

. { o
' ’ . . o ' v R I‘.«

4
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namely ky,ng, with pressure. This result is- also m good\?‘agreemem wnh

measurements found in [27T)at different plasma\cond ions.

S
- . L <
3000 T—- ' ' . - . ‘
‘8 1 .y =708.1835 * x"-1.2588
= ,
;- 2000 - o Argon 750 4 nm
o . 50 sccm CF4 ' )
- ] ( 50 sccm O2 ,
c. . 5sccmAr 7 9
g [}
%‘ 1000 .900 Watts )
2 . 0.8 cm gap d \
\ ] “ . .
N E ) \
’ 0 v T T - T T . T
0 1 ' 2 \ 3
“, : '
- S, Pressure (Tor'r) .

Fig. *4. 4. L) Arg‘m’i‘ emiss.Lon line int:ensxty "(750.4 ﬁm) versus pressure «in g
CF 4/05: plasma with argon. ®his graph represepts the’ variations of the discharge

excitation efficiency for a qonstant absolute amount of argon as a. function of
) pressure ‘The ‘squares 'represent the corrected experimental values whlle the
solid line is a least- squares. fit showing an almost. perfect 1/p dependence.

Figure 4.4.2 shows that raw oxygen emission intensities and inteusities

+
E

correéte? with the excitation effxclency have opposite trends when the

pressure Lis vaned Since the global amount of 02 increases: wuh increasing

\ "
pressure, | it is expected that the concemratlon of O will follow thns trend as

wellzﬂTrlerefore, lhlS graph stresses how necessary 1L is to cahbrate the,~

.

mtensny readings when the pressure ‘is varied.

LA : ' T H :
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" Fig. 4.4.2) Oxygen (0) . emission line intensity at’ 7774 nm ‘as a function of

pressure. The dotted squares are the raw oxygen readings while the black

diamonds are, those  readings corrected by ‘tha excitation efficiency v’

represents the relative behavior of the O concentration versus; pressure The
prg:ess paramete;s have the same values as in- Fig. 4.4.1. e
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Figure 4.4.3 shows. the fluorine emission‘liné ‘intensity at 703.7 nm and thég“
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g‘ 1400 - @ .
£ §
N é‘ 4 E
;_g . R 'z
o E 13007 - =& Fluorine 703.7 . .
o . = FiAr ,, :
11200 ———

o1 2
" Pressure (Torr)’

3

Fig. 4.4.3) Fluorine emission line intensity at 103, 7,470m ‘as> a» function ot -
pressure. The - dotted*+squares are the .raw ‘fluorine readi%gs while the. black &~ .

diamonds. are .those .readings corrected by the excl
represents the relative behavior of the F ‘concentration
process parameters have the . same values as in Fig. 4.4. 1 .

N

on  efficlency. It
ersus pressure., The-

-

‘. -
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© powere is 900 WatE§5 the pressure 13,1:4 “torr and the gap is 0.8 cm.

., - ~
relative F concentrauon obtamed by actinometry as a functxon of pressure.
\J\ .

The dnp in fluorine emrSsnon at about 1.6 Torr has not been Ob's&ved

{ .
might explain it. Anyway, it does not affect the behavror -of the cahbrated F
v

.
concemrat‘io_n‘whlch mcreases steadlly thh mcreasmg pressure

- (‘
Figure 4.4.4 sho’ws that' the (corrected fluorine -intensity versus

n . i . '

2

percentage of 02 in the feed gas does not change the observauon much

A
vy

. 2000 Tt - 4
. W Qﬁ f}} L\
7] ‘\ g '\' M
o Lo P .
s e
: ) \ 3 E
€ 100 - -2 8
£ =
2 , [ %
: , . <
% R - ' - SRR
- ‘Fluorine 703.7 N | "
I I I - ,
. ‘QL M | T L"' T - 0 '
0 20

% 02in fegd

Fig. 4.4. 4) Fluorine emission - line * intgnsity at 703.7 nm ‘and F/Ar intensity
ratiq as-a functidn of the percentaqe of Oy in the feed CF4/02 gas mixture. The

total flow of CF4 and 0, is fixed at 100 scem. 5 sccm ‘of - argon are added The

E

o . : » .

i

As 02 is a.ded into the feed "gas, okygen atoms 'from broken O, molecules

-the - content of CF4  decreases, 'for va :fract‘iron of Oy exceeding/ 45%, the

,previo(&\sly A temporary instability of the plasma or some. reflected pOWGf""

~combine with CFp (n<4)" radicals to form CO, COp, COF, and COF, leaving more

free fluorine atoms. in the plasma. .As the amount of O in the feed increases, - .

50
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(1]

productton of F atoms from those chemxcal reactions does not. compensaté for

“
the shortage in supply of F from the CF4 mpu& gas [24] This explams the
behavior of the .F concentration versus the Op percemage shown in Fig. 44.4.

\

The major trends of the fluorine concentration as a function of ‘the 0,

content, pressure and power, are mapped out in 'Fig. 4.4.5 obtained with the .

w

‘F/Ar inte'nsﬂg ratio

1.00 ' 1.4 Torr e S0% 02
.0.96
"0.92 ) : : (1w
' . : z : 1ncnase
. h K
0.88 . 5/ , -
~ ' 2|
. . (-2
0.84 ' ncrease ) ]
0.80 N L/ . ' 4 \
10 30,00 50.00 70.00 900.4 .80 1.20 1.60 2.00 2.4
% 02 in feed | Pressure (Torr)

Flg 4.4.5) F(703. 7)nm/Ar(750 4nm)  intensity ratio -as a function of the
percentage of O, in the feed CF4/0, mixture, pressure and power (vertlcal axis).

The total flow of CFy4 and 05 is fixed at 100 "scem. 5 sccm of argon are added.

The gap is 0. 8 cm. Statistical tests F-ratio=102,8, 3.88 corresponds to 99%
_level of confidence, RZ2=0.98. ‘

RSM using_‘a"3-parameter 5-1evel nested FCC-Bo-x-Behnken design (see
qppendix B) = corresponding to 32 expenmems mcludmg rephcates The F/Ar

intensity ratio was fitted with a third order polynomxal. The ﬂuonne

. \ ’ '
concentration .is pretty much independem of the power, it reaches d

o

[

maximum between 40 and 50 %02 in thew

51
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increases with increasing pressure .(see also - Fig. 4.4.3). Similarly, .the
- correlation coefficients betwgen the. model ‘terms and the F/Ar intenéity

ratio, shown in Tab@ indrcate that " the ﬂuorme concentratron is not
2.

jorrclated to the power "(r=0.0) at first order but only at second order (power
~ “ .

r-p-O 5). Its linear and cubic dependence on the %02 is neghgrble whereas 1i s

1

‘ongly correlated :6 the‘square genn= (%02)2 as expected from Frg. 4.4[4 .

-
]
Table 1I :
corr. - ‘
Model. terms correlation | coeff. |, model terms
vcoefficients' with the | -0.‘1 %02
F/Ar "emission intensity 0.6 pressu%x ) ' g
ratiq. A ‘value of 0.41 | 0.0| power '
_indicates a co‘rrelatidn -0.7 %02)(%02)
at a level of confidence 0.0| (%02)(pressure)
 of 99% necording to the © 0.0] (%02)(power)
.’t-test. - .. -0.5 (pressure)(pressure) . .

0.0 (pr’éééu re)(power)

:0.5 |(power)(power)

T

} ' -0.1 '(%Qz)(*’_/ooz)(%oz) Y
0.3]¢ ‘%oz)(%oz)(préssure) o
-0.1 {%02)(pressure)(pressure)

' 0.5 (pressure)(pressure)(pressure) . !
B4 . 0.0 (%02)(%02)(power)
. -0.1 (poWer)(powar)(%dz) N

oy oo (pressure)(pressure)(power) ol

. EUPE 0.3 (pressure)(power)(power)

K o02)(pressurb)(power)

0.0 power)(power)(power)

4 R

52°




SN ¢ ®

1)

‘“measurements. .

’

: ?
Subsequent measurements along three sections of the response

A o 3
surface were made in order to verify those trends. Those measurements are

c<‘)mpared with the mathematical model in Fig. 4.4.6- through 4.4.8.

'
-

- 4.
*
J; & [y
, B
T 3.
2 2.
w .
E‘ 2. .
& 2.
< ‘
g L (.44 © measured ‘
1.12 T model °
0 f

80 T - T Y .
10.00 30.00 >50.'0‘0 . 70.00 90.00
. % 02 in Af'eed

1

" Fig.:4.4.6) Section of the contour plot of Fig. 4.4.5 as a function of the 0,

content in the feed at 1.4 Torr and 900 Watts. The ‘circles Mndicate subsequent
measurements.

Lo

6.00
'5.45 1 0 measured
"4.90 4 — model
° 4.35 " 1o
'3.80
3.25
2.70
2.15
1.60 :
1.05 : :
0.50 !

R 0.4 0.8 1.2 1.6 2.0 2.40

F/Ar intensity ratio
1 1 .L 1 1 5

. Pressure (Torr)

]
e

.FAig‘j.v'4.4.7)' Section of the: contour plot of Fig. 4.4.5 as a function of pressure
at 900 Watts and with 50% 0, ‘'ip. the feed. The circles indicate subsequent

\
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90 A © measured

80 4 -j-(nodel
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.60 4 °
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.30 4 ; S | »
.20 - o -
.10 4 .
.00 r T Y - :
.p -80 .84 . .88 .92 .96 1.00 .

Power (Kwatts)

F/Ar intensity ratio
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"

Fig. 4.4.8) Sdetion of thégcon;our plot of Figl 4.4:5 as a function of power at
1.4 Torr and{ with 50% 0Oy 1in the feed. The circles 1indicate subsequent

measurements.

It can be-seen that quantitative predictions at low Qo content ,woulld be
: i . /

.

somehow. inaccura\.te‘ but the qual.itativ; beha‘ior. of the fluorine
concentration is coﬁectly reproducid- by the quel. In Fig. 4.4.8, the model
do\gs not apr;ear as good as it rez;lly 1s because of the 'narrf')w F/Ar intensity
" ratio scale which ranges from 3.00 ‘to‘ only 4.00.. Measured F/Ar intensity
ratios’ are"'spread over the rangé 3.20 to 3.60 while the “model covve‘rs the rangt

3.00 to 3.50 . Both spreads are small as compared to those of:Fig. 446 & - 4.4.7.

4.4.2 Mass spectrometry D e

The stable products from a CF4/0, plasma in presence of silicon in t

system have been. sampled downstréam of the discharge using the iﬁﬁ%
: 2 By b

spectrometer. The species have been identified as shown in Fig. 4.4.9@@&
. "r . “ .' . . . . . % .
.Table IIL , S ' T ne
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Fig. 4.4.9) Mass spectra downstream of a- 80/20 sccm CFA/Oé plasma with a 5 inch

~

silicon wafer’'.in the reactor at 800 Watts, 200 mTorr and 04,8 cm gap. -

{Table L.~~~
‘mass/charge ion parent molecule I
« .

12 .. Cr "~ CF4,C0O,C0y

14 N+t N, o - B
6 .o . 05,€0,C0,

18 H,0* Hy0

19 F* - CFy

25 - CR*™: CFy

28 NpH,COT Ny, GO~

ELN CF  CFy

2 o 0
a4 coy* €0,

47 . COF%,SiFt  COF,,SiF4

50 CE,* ~  CFy _

6 ~ COFp*,SiFy*  COF), SiFy . -
69 CF3* CFy S

85 h SiFg* - SiFy



.
\ .
4.5 Plasma electrical properties Co !

" It was mentioned in section 4.3 that the discharge excitation efficiency

~

k,n, contains irhplicitly the electron energy distribution (EED). According"io

The Maxwell'-Boltzman'n distributon . the %ED is a function of the electron

temperature as shown in Fig. 4.5.1. Although the EED can /be significantly ‘

(1/n)drvdE

s

/ Electron energy (ev) "

Fig. 4.5.1) Mdxwell-Boltzmann distribution.

different from the Maxwell-Boltzmahn,b distribution [8], Fig. 4.5.1 illustrates

that, at typical electron temperatures of the order of 105 K, the electron
B . Vr,.awj-(‘ ‘

density at energies corresponding to the CF3-F bond (5.6 eV), the CFy4

ionizgtion energy (13.6 'ev) and the fluorine e;(citation energy ’1(14.5 ev), the

- density ‘of electrons available. for those processes varies with the electron

temperature. At those temperatures, the density of electrons for the -processes

¥ . N
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described above decreases with increasing temperature but it would increase

v
-

at temperatures of the order of 104 K.

'

The variation in the discharge excitation efficiency k,n, (Fig. 4.4.1) as

[ 4

pressure is varied is believed to be the result of the variation in the EED

because. of changing plasma electrical properties. Measurements of the DC -

self-bias (Vy, in Fig. 2.1.2) as -a function of pressure indicate changes in the

plasma electrical properties (Fig. 4:5.-2). This effect is accompanied by a

a

DC self-bias (volts)

" Pressure (Torr)

. ‘
Fig. 4.5.2) Measured DC self-bias versus pressure at 50/50 sccm CFq. ., 900
Watts and 0,8 cm gap. ’ ‘ '

change in either the plasma potential (Vp in Fig. 2.1.2) or the peak to beak .RF

voltage applied to the powered ‘electrode or both of them [7]. The DC self-bias

£

is also a function of power and percentage of O, in the CF4/0, gas mixture.’

L y ot
[

s
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5. NUMERICAL SIMULATION OF A CF4/0, PLASMA ETCHING SILICON /

.
\«

z

§.1 Previous studies | : /

The complexity of plasma etching processes ha een pointed out in
section 2.1. Although l’he’b:'etching‘/ mechanism is the reésult of various physical
and chefnical phenomena interacting with each other, each aspect of the
oycral'! process can be 'investigated individually. In fact, current techniques
of physics and chemistry .can be - applied :{) the stgdy_ of plasma etching and f
its understanding is rather a rﬁatter of adapting those ;heories to this 'specific
problem. . The least understogd.part of tihe etching mechanism is probably the
surface chemistry, which de;ie&?ls “on unknown vaaiables such as surface

,‘fleanliness te name ‘one.‘

- The modeling of RF discharges has been addressed by Kushner who
s\imulates spatially the average electron energy between ;he electrodes of a
parallel plate ;eactor uaing the Mome-Carlo method [28]2 For‘ the same.

configuration, Graves and Jensen .propose a continuum -model for DC. d RF
\dseu

‘arges and calculate the electric field" and potential as well as electron

I
o

and ion currents [29]. Rogoff, Kramer 4nd Piejak use the Boltzmann equation

LY ol
to calculate the time-dependent electron concentration and,electric field in .a

parallel plate RF chlorine dxscharge (30]. Those are some of the references
illustrating different approaches to the modeling of RF discharges.

The simulatiox?‘.cjf the gas phase chemistry aims to calculate the
concea;ration of \species in th'e plasma'a-nd relate 1t to. measured

concentrations and ulumately etch rates In [31], Edelson and Flamm describe
/
a mode! for the simulation of a CFy plasma durmg the etchmg ‘)f silicon. In

their calculation a "plug-flow" reactor is assumed and the 'congentrations are

R K

. N "{" F
' . : AT
. W . 2

i

fl
L}
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-~ y v

calculated a8 a function of time which .is proportionnl to the distance the

packet of gas travels along the tube. gl..lsmg the same %proach Plumb and
o A

,..

™ *'“kayan (32] have developed a reaction scheme for a CF4/02 plasma and compare

their results with experimental#ata from Smolinsky and Flamm 133]. They

»

make a similar »compiris.on for the simulation of a pure CF4 plasma in

presence of silicon in the system [34]. Iheir work shall be discusied further‘

since it constitutes the baseline of the ‘numerical simulation presented here.
Dalvie, fensen and Graves have addressed the modeling of a radial flow

~ reactor where they calculate silicon etch rdtes as a function of position in a

'( CF4 plasma [35]. , ¥

L 4

A detailed understagqi‘ng of the plasma electrical properties and their

spatial dependence 4s h.elpful in designing reactors in {trder to achieve
repeatabn&tty and umfoqmrty ofo“etch across a wafer Chemtcal factors, on the
o

ot}xer‘ hand determme the etch rates. Transport processes [36] .influence both

1.

'

l

o
the étch rate, whxcl'(, depends on the supply of etchants., and the -uniformity,

Wthh depends on hq,w well reactive species are distributed in the plasma.

Af -y

Few attempts have been ﬁmade to merge the electrical and chemical

'vl -

’ problems alopg ivith 'th"é trahsport of specres onto the surface 10 be etched,

A

into a umfxed‘ model Kushner has developed a kmetlc model for the etching .

1

of Si, and 3102, m C /H2 and C,F )02 mixtures (20]). In this model, the.

4 “W..\‘n @'

electron densrty 1s \simpLy related to the power deposrted in the plasma and-to

the concentrauou of specxes The electron densxty determines. the’ dissociation

K : [}

rates of mgommg inert molecules from the feed gas. The concentrations are

self- consrstently computed from the chemical reaction scheme until

steady- state is reached and are plotted as a function of the meposmon of " the

BRI

r

J
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feed Sl and 5102781011 rates. are ‘related - to the supp ’y o(-/;etchant' onto, the

surface whlch accounts for dlffuswn processes Th'e same model has been;

’adapted by Anderson, Merson and Ltght 1Q calculate polysrllcon etch rates in

[N

-
>

=a SF6/02 rmxture as a“functton of the percentage of 02 in the feed [37] Kline

//

uses Mont}mCarlo s:mulatnon and the‘Boltzmann equatxon alqng wrth the

v

_ chemtcal kinetics and dtffusrve transport -to descnbe - low- pressure RF -
. . ' g ) 2 - N : » '[ ] .. - ‘%ﬁ (\/ ' —- !
N d‘ischarge, "SF6' plasma ‘etching silicorf [38’]_. - ‘v ’

“

In thls thesrs,o in an attempt to 1mprove pur rrent understaqding of ‘the

> ’ :
- gas - phase chemtstry of - [[)l\asma etc}ung srllcon, a numerlcal sxmulauon of a-

r

- CF4/02 plasma has been conducted The - stead'y §tate concentranons of _the

[ i 0

. : , , R
most 1mportant specres in " the - plasma have been’ calculated for various

condmons of power, pt‘essltre and gas flow. The results of ‘the srmulauon ‘are
. .

scoplc analy51s of. ﬂuorm; and oxyggn atom - ermssron, )

; compared wrth a spe'
.\' 1 '
: 1ntens1ty and etch rate data of crystallme srhcon L

v

Numerous numerlcal srmulatrons of plasma efchmg processes found in

“the hterature rely on large mamfram‘e computers and often the results are
e / - ‘ )
compared w1th expenmental data from other sources wgere lab01 atory
b Do v *: .
plug-flOW. reactor setups are usgd Rather than mclude all “the physrcal and_

.

. 'chemical:processes .t-akmg place m plasma etchmlg the phtlosophy of theLf

A

' work ™ presented here ‘was .to see how well a "plug-ﬂow reaCtor chemlcal
. 4

"ldn'etlcs “modgl [32 34] could apply to the srmulatron of etch rates a

‘ . SR

commerctal ;‘arallel plate. Reactor, and h:ow 1t compares wrth’\ experxmental
T - . v b A | 1 *

«data obtamed on that equrpment This- relatively stmple mggel as. compafed to -

L

‘{-" the complexnty of plasma etchmg,_allows Jpne\ to understand some of the

,7 ey

fundamenbﬁf*mechamsms occurrmg in a cold weakly ?omzed plasma,_such as

1_,, o

those ,encountered in dry etc‘hlng processes\ Th1s kmd of su@glanon requrres

©

L ) R R ~ ‘ : = P
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only a relatlvely small 'size comput' “ The chemical kinetics simulation

1

' program now. runs at the Alberta Mtcroelectromc Centre

Q e ' , o

8.2 Numerical - simulation.. : o
o . B . . it

5.2.1 The model

e ¥

.

[32] has been sxmulated The neactton scheme “includes frrst order - electron '

[

1mpact dtsSocﬁatton where the electron denM not a computed vanable but

: . .
only an tnput parameter, and" numerous chemical ~reac‘trons.. The' ‘RF
» : . -
dlscharge parameters show 'only through - the ;-powér density de.pendenté
PRE M

electron 1mpact dtssbcxatron rates and is therefore not truly mcluded in' the

@

modelf‘ 'T,he_- ion’ ,-.chemtstry, 1s ~fnot t_reated by thts. model. Other vransport

. - . . .
~ processes ‘than the nonvrspouks\““ “plug- flow"*;zgsilmed here are vnotz treated -

S -
R - < o o 3
* either. ,9‘_ W ‘“’K L o ';

The reactton scheme is &hown in appendn&.Q_/Dtssoeratwe - gollisions’

proeeedmg with an electroru are denoted -e—> whtle those reacuons needmg a

}?tlurd bddy are denoted -M> and a two- body rate . 1s used In accord wrth to'

prevnous expertmental reSults 4and sxmulatwﬂs [20 39], the electm{‘ densrty‘

.has - been made proporttonal to the power densuy WiV - where W is the power
N *’,\“{ , : . . B .
deposrted »pladma and V its volume The dtssocrauon rates k have been

. ki Q’ v
calculat d 8O- tht they equal those glven by Pl-umbv and Ryan under the

plasma'c' itiofis of 33T po er 49 Watts, vo}ume : 14 cm3)

. ) . “~‘ ‘ . B » " . . e LI ~ .
A reaction'Lscheme for the CF4./02 plasma . published by Plumb 5nd‘ Rxhb'o

P

@

.
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where kd is _constant_ in tfn‘s;model. A ste_ady rdom temperature (300 K) is
ass“‘led in this study, Temperature dependent reaction rates with the proper

actrvatron energy could also be used

7

However sxmphf%d is th:s model, it- already inctudes all the 1mportant

.’process parameters, hlch are,- percentage of 02 m the feed, pressure, power

»

and plasma’ golume (gap). R

[

}.2 The srmulauon program . .

" .The srmulanon ccmsrsts of solvang the set of  differentia
. ,

describing the CF4/07 plasma reaction scheme. ‘A FORT§AN pro ramv named

[

"chemk" orrgmally wntten by Gary Whitten [40],‘ ‘reads the cHemical

:reactrons under thelr symbolic forms and converts them 1nto a system q’

, differential equations. For»in'stance,' the‘reac_tion that produces F.j and COF2

jfrom%gb:'and O -is_simply kdes’c,ribed in the program input file as follows :

: o Y
' CPH +0'>--k-->Q$+F ‘
R

drfferentral equations descrrbrng the time’ dehvatrve “of each specres

%- N \,.‘ N V : ‘

S o R - S

T d[COF2]/dt k[CF3][0] , I R S (5.3)
d{Fy/dt = ‘k[CF3][O] Ly Gy
[ CFidt- k(CFgO1 LGSy
dioya =tk (CEg01 L e

/ 52

where k is the reacim} rate This relation. translates into four second order



Cleoel 63
The inputs are the reactions. ‘and their reaction rates,r» the initial
concentrattons and the output attributes. "chemk" calculates the mdtvtdual

conce’ratxons as a functton of time. It 'is" also possxble to simulate the flow tn

) ‘(feeding), and flow out (pumpmg) of gases present in the plasma Reactions

up to the’ tlurd order can be included in the reaction scheme The reactton

4

rates can be deﬁned as functtons of the -process parameters but they are

calculgted at the begmmng and- wnll not be updated durmg the computat:on

b

“In- other words, the program does ‘not . perform a self—consnstent computatton

i 3

of

P
Rk

dystem of differential equattons -with yariable coefftcxents "chemk" has

— &

.
-Ll

been run on a Mtcrovax II from Dlgttal Equtpment BRI . ‘l‘."f'

’

523 Steady ‘state

. / . S, ., R ‘ e
We '"are not .xery much/“interested in the ’transient calculated
& b l k , :

concentrati their_ steady' state values are reached, '

]

Prehmma y trans1ent» analyses were made in ordef to determine at what time §
& - - . -

the concentratlons reach ‘their steady state values ‘A typical result is shown \

in Flg 5.2.1.

I%an tmaglnary perfectly 1solated reactor wnthout feedtng, pumpmg _Qr
b
productlon and loss of any sort the evolutton of the total concerftratxon would

‘be s1m1lar to that of the curve marketi with E’a/ck dtamonds in th 5.2.1 if the A

-

mmal total* pressure of CF4 and 02 was 1.0 Torr. The increase is dué to tbe

formatlon of newy specxes in the gas phase thh a constant in-out flow rate of

_‘ 100 sccm,, the: total concentratxon s sttll htgher than the ‘1mt1al L

hd v

concentratton (squares in th 5.2. l) In orger to force. the tOtal concentrauon v
& L .

“to come back to its mmal valuev ; e/ pumpmg rate must exceed the feedmb

" rate. This mode has been called a' jted pumpmg (tnangles in Fig _.5.2.1).,
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Fig. S 2.1): Computed b-ot:al copgncx’a:ion, in a . 50/50% CE‘4/02'..'pl,asma‘as a

function of time for vartous galf
© the power {s 900 Watts and the plasma lume 259 cm3.
L <A

This procedure srmulates wha& /happens in the Lam etcher sinee before

‘the plasma 1s 1gmted . the y etcher adjusts the pump speed to m%a“@

mem—t—,

pressur‘e with 1ts- desired value As 1nd1cated in the reaction “scheme, the net

Fa
pumpmg rate is made proportlonal to the total concentranon. That way, thet

’ steady state is reached more qulckly and to some extent the program wxll
g B

t

» modes . The initial pressure is 1.0 Torr,’

stabilize the total concentranon automatlcally A suxtable pumpmg ‘rate  must

y
Stlll be found empmcally smoe there is no built-in optlon in "chemls that

.wxll keep the total. ga}s densxty constant We ~will see later how a su1table ,
2 .

pumpmg rate can be esumated dependmg on’ the condmons
. Figure 522 shows the tota.l concentranon for vanous totai mput flow

rates. It can be seen that the ‘time needed to reach steady state is well

correlated with the mput flow rate thh an mmal total pressure“ef 10 Torr"‘

< L&, ,
N
(3 22° 1016 parttcles per cc), 100 sccm total mput gas ﬂdw rate of CF47’02 spht

30/50 %, theiadjusted pl‘mpmg speed requxred li 132 sccm, As a. result of the

¢
L
L s
A
.
)
. .
N
w3
L
© ®
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adJusted pumpmg rate, the average resrdence time of ‘a specres is. no longer
exactly given by the total mput flow rate. Thus, although argon does not

" react’ in the, plasma, M partial pressure can be shghtly lower than that

wrthom plasma In a 50/50 sccm CF4102 and 5 sccm Ar gas mrxture, at 900

‘Watts and 259 cm3 plasma volume, th? calculated parual pressure of argon ) \

was found to be 38 % of the total pressure mstead of the initial 4.8 % The

3.7e+16

3.66+16
o

L

-

- 3.50416 A
‘ S 4 1

3.40+16 -

3.36+16 -

V' 3.2e+16

3.16+16 -

‘ e ﬁl;,,,' S R A ‘ N
,)"" P S %‘ O Tnme(séc) { , .

Fig ~‘5%2 2) tomputed total bconcentration in a 50/50% CFA/Oz plasma as a

e

function of “time for various tota¥k qas flow rates. The [fnitial and/steady state

pressure is 1.0 .Torr, thé powek is 900 ‘Watts and the plasma volume 259 gm The . -
arrows 1ndicaie ‘the - resxdence theqégpresponding to each fkow rate.
{ A : -
AN . . 4 . S,
\ 9. B - . i — . . :

‘e,

R S A < S, o ol S -
Thls phenomenon waﬁbroyght up, by the srmulauon and there 1s no G

b i
experimgental’ evxdence mdrcatmg that- it really happens m the dnsch,argg
0‘ . » ‘ R "
One Vmig’ht argue that the calCulated difference in pumpmg _speedv without and .
’ ~ ’ . o :
‘ . ’ B A g 0 :

o . * ) . - S ; ',,;-w) foad

— . . . P ' S
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pressure should be seen by readmg the Lam’ etcherstCZ valve arrgle

x

,controlltng the pumptng in thé reactor chamber. No dxfference was observed

o

before ‘and after the plasma was turned ¥0n On the other,,,hand a “slight

drfference in the angle can be seen when flowmg 50/50 sccm (angle 33. 4°) -

or 82/50 scem (angle 359 of CP4102 in 'e Lam etcher | model 590 wnthout

'n.

" the reactoy’ volume is just the~

!
i

plasnia. Yet in the simulation, cone assumes _

;plasma volume, w,hereas in the Lam etcher the plasma volume is much

L

srnal,ler ‘than” the total chamber volume Therefo_re

pressure increase occurring in the Jplasma and pred by the srmulanon

propag s through‘out the 'chamber, attenua-t.-fng ,e over.all - pressure

‘increase. As a result, the adjustment of the outlet valve angle mrght be too
6

small to be read But -this does not pro& that the snnulatxon is w;ong in

predicting lower argon ”oncentrattonsv ‘between - the electrodes _w -the
: - . 'y o

p‘laSma' is* on. Since in the machine, the plasma. is contatned wuhm the '

ES
3

- narrow electrode gap, th,e local. productron of | specxes occumng there may

v N

stlll mﬂuence the average argon ‘content in the glow regron

e 1

— Accordmg to Flg 5.2.2, at /100 sccm total flow rate, tlm,e Steady sta”rs n'

reached after about 0.4 sec. Mass spectromemc data of the CF3+ lxpe indicate

l

. however"-that‘ the amouht of converted CFy4 .inc%éases "corgtantly over an etch

A L

pertod of 3 mmutes (th 5 2.3).” Altheugh the sxgnals have not been caltbrated\j

the - decrease of the’ CF3 line_ is correlated thh the‘ ancre’ase in_ ’t’he,"‘

’ -

T -

C OF:2+/ .Si'F,z*" and the 'SiF3+~'lin'es. Therefore, ‘the decreasing’ reéombihafion7 vo»f; )

CFn (n53) radlcals mto CF4 corresponds to an 1ncreas1ng amount of"%rl“‘t and

?

/ .jn the etcher, the,




ry units) -

f l@sﬁy (arbitrary

-

I

1
100"

150 © 200 250 300

-

Tirhe (sec‘)‘ o .

Fig. 5 2,3) Mass spectra- siqnals of the 69 lind (CE‘3 mpa:ent fto“’CF‘,‘), Q&e

_ line (COFZ c.<_§1F2 parent to COFp; & Sin) ‘and the 85 llne (SLF3 parent .,Lo,
Sinl as 'a f‘ﬁ‘r‘lct}don of time during silicon etching (6 inche wafer) ln i
E “"‘5/50/5 scecm CF4/0,/Ar plasma, at 1.4 To‘,

isk turned on at’ timé ;0 and off after 180: sec The signals are not callbrated: ¢

LN * o o‘
524 Flow rates ‘ e

Let us see how the pumpmg rate can be esumated when the " process

o
Sl 4

900 Watts, 0.8 cm gap. The power

‘paramet.'e-rs are varied. B
, lSiance _the ‘Lam" etcher fels the input gases in~the reactor through a
.,Tv;\‘perf'org_ted lop ‘e(lectrode, it is a's'sum‘ed\'that the relevant reactor volum‘e‘ is the
’volun‘le 'comprlsed between the two 8 inch electrodes rather than .the “total ’

e

chamber volume Thns is- an approxlmatlon Whlch seems reasonable smoe ;he

electrode spacmg 1s ‘much. smaller. than the electrode radius. This volume s

~ also ;assum‘to be the plasma volume which means that the sheath thickness
is neglected. - ‘ S e ‘ , L

~ .

i"Um:‘ler‘r‘ those assumptions, the feeding rate constant is given by : \ SR
: . . o . ‘ :
ke = 3771017 FigT) (e 3sec]] g | 6.7 .

4 ST
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B
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where F. the total input flow raté, must be split proportionally to the
individual input gas flow rates. F is expressed in sccm, g the gap in cm and T

. the temperature in degrees Kelvin. The increase in the total concentration is

now gl»i‘ver‘\ i)y :

i '

3 . . . (5

diMVdt); . w 8
(d[M1/dt)j &ﬁ e . | 63
‘!‘ - ’ .
| Y I
which is expressed a 13 zero order raiction for every mput spemes in

: J‘ }
ct%q)lg’s s@unce g.he plasma cre‘aleg lots of new specxes XJ in a priori unknown

o

“

o e
shonld be thelr ne pe rates. But we knoW that they should escape-

propomonally‘ to tpéf’ﬁoncentrauons, as ngen by

1

”

(%X%dt}esc ’Q{M][X] k | R (5.9)

= ‘

'&,,
% u&‘x‘ C : . ’
where q’ ls sbcon ﬂ&er pumpmg rate. Smce everythmg that gets ‘in must

get out,_we can wnlé”‘* "- ' L ) . ' T o "
) f ! .v‘} o -

' ’-’7;' ° . " _ \“',4 o . . .

A ' « ' . T . - “ . ¢ .

r

° where X 151 = [M} ‘was used. This gives q = -kg/ [M]2 . For a parallel plate

"reac_tor, the pymping rate of each species to be introduced in "chemk" is :

y o - Ly,

k

out .
; T | 9

© - 4.0410721 F'T/(gpz) [cm3se¢1] | (5.11)

68

) ‘ L
concentratnons [X] ,xls what we - -are looking for !), we do not know what .
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1 /
‘where p is the total pressure in Torr.” There is' no need for the minus sign
since "chemk" understands that the pumping is a ptoduct-free reaction of

the second order (see appendix- D).

This expression for the pumping rate indicates how it should be “adapted to

I3
-/ different %ttdmons o’f‘ preSsure, gap, total flow rate and temperature. Yet it

courtt for the mcrease in, total concentration due to the chemical

#

doee not

.reactions. In yarucular, .‘h; "

"

percentages of 02 in the feed thure 5.2.4 shows the adjusted pumping speed

"‘Q‘
2.0e+16
8 1.9e+16. 4~ - i
' E 1.'89+16 / T \ﬂ\ .
2 . ) N .2 »
® A \
o 1.76+16 - ‘ \T .
8 - : 1 i :
E Lo : ) oo
3 1.66+16 / . -t \ S
- , pumping rate . @
e without plasma '
1.5e+16 , 1 * t - )
0 20 -40 \ ‘60 - BKfL 100
‘ ' % 02-in feed

-

i, *

Fig. 5.2.4) Pumping rat:e required to maintain a constant total pressure of 1.0

pumping must be a@apted to ‘ehanging .

69

" Torr as a function  of th&® percentage of 0, in the CF4/0, i,gpur. mixture, with 10C ‘

sgem total feedinglrat:e. The power is 900 Watts thd the pla‘sma ‘volume 259 cm3

1o : -

' B

as 'a function of the O, content.in’the feed required to maintain a constant

perating pressure. : .

Eollowmg -the argument stating that, for a fixed input flow rate,

’

mcreasmg output flow rates lower the effecttve argon concentration in the

discharge, on'e' concludes that varying the O4 content affects the calibration



<~ - s

of the emission intensities by actinometry. When the‘ aggon emission line
P )

intensity is corrected to a given concentrattoh as . i (‘9‘, done when tli..

o E

pressure is . varied (remember that durmg the expertrﬂem the argon partial
pressure follows the total . pressure variations. The argon emission mtensmes

are then normaltzed to a fixed ,absolute amount of argon), the argon
A\

] ¥ N .
concentration might not be exachy in the same percentage in the plasma as

! i 1

it is in the feed gas mixture. The computed fraction of argon, however, does
not . change with the pressure which “means that, accordmg to the simulation,

the relative variations of the excitation efficiency shown prevrously still
..ll

holds (Flg &t&l) It 1s ,when botk préssure and percentage of oxygen are

‘changed srmultaneously that the correction for the argon intensity might be
LS ¢ LS *
. ]

‘somewhat maccurate.

ek

5.3 Computed and .measurgd relative'concentrations

All the .upceming calculated resules are for . steyﬁ state at 10 second after

o

the plasma is "turned on". The. ﬁmeasured intensities represent the peak value |

o

for as close as we could get to the true peak"'" within the analyzer's resolution.
. . ‘ 4
. It is -assumed that the relative variations of the emission 'line. area are
pra ' /
kcorrelated to the relative variations of the peak value (see. appendnt C).

Figure 53/ shows computed concentrattons of the most abundant species

L4 .

Vyvit‘h a total flow of 100 scem of CF4 and .05, at 900 Watts, 1.0 Torr and 259 cm?

plasma volume. AS discussed in [32}, CF, is in this'.model the most ahundant

-

: CFn radical ‘from CF4 \dissoclation by electron impact. Free fluorine is the

N

4

product with the ‘l'iighest coricentration and it compare$ with that of CFy or

02.' The most abundan) stable products are respectively COF,, CO and COZ. .
. . . ¢ . i i’. ) -

™ «
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™ % 02 in feed
Fig. 5.3.1) Computed concentrations of 3some- specles as a functlon of the.
percentage of O, in. the CF4/0, 1nput mixture, with 100 sccm total feeding rate.
. The pressure is 1.0 Torr, the power is QQO*Watts and the plasma volume 259 em3,
In the followmg figures, the ‘computed- relative concenlrations of
fluorine and oxygen are compared to the Spectroscop.., measurements Using
the formula relating the /spectrometer readings ‘to the total .concentration of '
- . *
" an excrted atom (secnon 4.3.2), the measured emnssron)ntensny ratio is
‘;)
related to the calculated concentranon ratio as shownibelow for ﬂﬂonne and
argon : ‘ ; ) . _ - \ .
(N703.7/N750.4) = (kp/k A ( C(750.4)/C(7Q3.7) ) [FV/[Ar] : (5.12)
‘measured * ~ _ calculated - R N

'

e where Cn) is the analyzers sensmvuy at frequency 0. Since the -electrun

b #

'{- impact “excitation rates kg, ko kAr’ are-yet un}cnown, the curves can only be\:‘/‘g\

»
»

compared qualltatxvely The condluons m an 532 ‘to §.3.10, are 50/50 scem ﬁ
- ‘ { v _ ,5’ o IR
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CF4/02 5 sccm Ar, 14 Torr, 900 Waus and 08 €m gap except for the parameter

u‘. .

varicd‘ of - course. - The dotted squares represem the calculated concemranon

.. represent the m‘e‘as‘urcd’ emission intensity ratioq cqrresponding to the right

! -

axis scale. , . : .
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o T =@ Calculated : w
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‘E‘iq. 5.3.2) Cpmparison f computed [F]/[Ar] concentration ratio with measured
F‘(703.7‘nm)/hr,(750.4nm)' emMission intensities versu$ the 02 content in the feed.

-
- .

29

" ratios corre\spondinvg lo the left axis scale, while the black diamonds.

The process parameters are : 100 scem CFq/Oz input gas m;xture with 5 scem *Ar,ﬁ

1.4 Torr prtsss'ure, 900 Watts power, 259 cm3 plasma volume corresponding to 0.8
elegtrode gap. The measurements are'related to the calculation by the

relationship : F(703.7nm) /Ar(750.4nm) = “‘F/kAr’ (l]/[Ar] where kp and kpp are‘

i

Fa e

-
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* Fig. 5.3.3) Comparis¢n of Gcomputed [O]/[Wncentration ratio with measured
0(777.4nm) /Ar (750.4nm) emission intensitles versus the O, content in the feec

' at 1.4 Torr, 900 Watts, 0.‘)8 cm gap. The measurements are rela::ed to the
calculation by the relatlonship: 0(777.4nm)/Ar(758,4nm)={(kg/kp)(O]/{Ar], where

kg and kp, are ré'speccivel)‘/ the O and Ar electron impact exclitation rates.

4
’ .
T 0.04 4
0.03 4 0 Calculated | -3
3 -+ Measured 2’
5 oz
1 ]
Ty X E
. =
. : L5
s Tom e 0
’ 0 20 40 60 80 100
. % O2 in feed
) ) ¢ s

.
>

Fig. '5.3.,4) Compariéon of computed [O}/¥P]  <oncentration ratio with
‘0(777.4nm) /F(703.7nm) emission iptensiti versus \t:_/he 05 contentwlp the
.;,l;_‘”’_yln’&_-‘,&'l‘iopry,,:‘fi'gop' W@gtte, 0.8 .°Cm - dap. The ‘measurements age relat
4 "ca',l'culati”_"‘b?”t?( relationshig, : 0(777.4nm).[F(703.7am) "= (kg/kg) [0]/1

kg "ana kp;é?e—al/e’sﬁectiﬁely the O and F electron impact excitation rate

12N
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.Fig. 5.3.5) Comparison of/ céﬁputed {F)/lAr] concentration .ratio with measured

. - N
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intensities “versus
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CF,/0, input gas mixture with”5 scém Ar at 900 Watts,0.,8 cm. gap.
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Fig. 5.3.7), Comparison of computed [O}/(F} concent_r_ation ratio with measured
0(777,4nm) /F{703.7nm}) ‘emission intensities’ ver us: pressure: ‘/in a 50/50 sccm
qu /05 input dgas mixture with 5 sccm -Ar J: 900 | Watt.’s 0.8 cm gap. The

) .measurements are related, to  the calculation by the ’ relationship

"'related to the

0(777.4nm) /F(703. 7nm)-(ko/'k5-)[01/[f‘] , Hherev ko and kF are respectively th%&i,__)'

/
o/

and F-electron impact e’ta‘sion rat:es

, 55 - . '
L ! o ,
T 7 .5.01 - 5.0 '
B3 1 f 2 .
- g 4.5+ - 4.5 ; ,
L2 Uy
8 \ 3 %
o~ . 4.04 - 4.0 § !
< . . - >
5 4 ‘ 3 ‘ s ‘A
N R " . v
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3-0 " '. LI M T ',l 1 % : L 3.0 " .“;.
700. 800 ~ 990 - -1000 1400
. . / Power (Watts) S
N fj . ‘. ‘
B / y ) s ' -
. Fig. 5. 3 B)‘Compatison/ of computed [F]/[Ar]‘ concentration ratio with. measured

F(703, 7nm)/Ar(750 4nm)/emiss:.on intensities versus .pow\e; in  a 50/50. scecm CE‘4/02
input gas mixture wl.(:h 5 sccm Ar at 1.4 Torr 0:8 cm gap
calculation by the relationship “t F{703.7nm)/Ar(750.4nm) =
(kF/kAr)[F]/(Ar] w;{ere kg and Kpy are’ respectively the F and Ar electron impact
excitation ‘rates. e .

2 /{ ’ ’ . o . .oalb

The measurements age
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E"‘ig 5.3.9) Conlpariso'n- of compuf.ed [O1/tAr] concentr{tion i:atic_) ‘with measured

0(777 4nm)/Ar(750 4nm) emission in’tens,ities versus power in a -50/50 sccm CE,Q/O2

"input gas mixture wit{ 5 scem Ar at 1.4 Torr,0.8 cm qap.
related to the: calculation _by the relationship._ 0(777.4nm) /Ar (750, 4nm) =
.“‘o/kAr) (0]1/{Ar] where ko and kp,  are respectivelyrthe O and Ar elect.ron impact

excitation rates. ¢
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Fig. 5.3.10) Comparison of computed {O]/{F] concentration®ratio with measured

ot777. 4nm)/F(703 7nm) emission intensities versus power in a 50/50 scem CF /02

input gas mixture w:.th 5 scem Ar at 1 4q 'rorr 0.8 cm  gap. The measurements are
related to -the calculation by the relationship 0(777 .4nm) /F(703.7nm) =
(kg/kp) [0}/(F] , where ko and kp are respectively the O and { #lectron impact

‘excitation rates. o .

The measurements are'



: reproduced b' the srmulatton over a wide range of the process parameter'

‘flow,‘ the gap and the power In this model constant -.W(g and F/g values

_ The correspondmg total - flow and power values are also indicated. The ‘

&

x_\-‘Since‘th_e_ larges@:_aentmtion found in the plasma', ﬁ't‘er that of CF, and

02;“,, that of ,a*'t'omic‘ﬂuorine", the pumping ‘rate must be adapted at:cordingly‘to

. the ﬂuorme' concentrauon ‘(Fig. ;532) whrch explams the dependence of the

-
pumpmg ra?e on the 02 content in. the feed shown in Frg 524

'The general trends: of the dependence of fre'e,t flugrine _and oxygen‘

"concentratigns,'on O3. content in the feed, pressure and power are very well -

-
-

§pace.

SR

- .the same ,resu_lts if the total ’ﬂow to gap ratio F/g and. the power. density W/g

are kept constant. F/g and W/g are the real model parameters for the total

v

'cor\respond _respectrye_ly'to frxed electrrcal (sectron .5.2.1) and flow (section~

) 5.2.4).characteristics Spectroscoplc measurements were made keepmg those

ratios @y)ant over a wr}" range of condmons thures 53 l\hrough -5.3.13

show the relative flmorine and oxygen concentrauons w1th varymg gaps

e

S . ' ) S
pressure was fixed at 1.4 Torr and CE4;!;,‘Q “_and Ar: Iwere mrxed in- the proportlon

47.6/47.6/4.8%.

+

-

¢ It ¢can: be seen that when the data are sc(/ed m orckr of mcreasmg gap,

’flow and - power, /the F/Ar and O/Ar mtensrty ratios. mcrease while the O/F

1_-'i'rntens1ty ratio remam almost constant. Since the pressure is. frxed the supply

' }'of CF4 and 02 is coristant. thur.es 53\8 and 5.3.9, however show that both {F] -

e

and [O] are pretty- much mdependent of the power. Yet mcreasmg power or -

_-flow rate make the drssocrauve reactrons more predommant with respect to

Nonstant, pressure and fraction of" 0,. in the'f,e_é,d,' the simuiation -_yieldsh

77 .



F/Ar intensity ratio
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Fig., 5.3.11) Measured F/Ar intensity rétio keeping the total flow to qai ratio

F/g and the power to_gap ratio W/g constant. The - pressure.is L.4 To
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the

proportion ‘of CF,/0,FAr is 47.6/47.6/4.8 %. The salid line represents  a

least-équaresr fit to data. Under .those conditions the calcula}ie::l [F1/[Ar)
concentration ratio would be constant. ‘ .

.
.

-
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Fig. 5.3.12) Measured O7Ar ‘intensivty\ ratio keeping the total flow to gap ratio

2 The

proportion of C,F4;02/Ar is 47.6/47.6/4.8 %. The solid 1lipé represents a
ot - - !

least-squares fit to data. .Under those conditions the calculated (QO]/[Ar]

" VF/g and the power -to gap. ratio W/g constant.

-~ concentrati

on ratio would be constant.

preésure is 1.4 Torr, the

°
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~

the chemical reaCtions, ‘therefore one - expects wthe concentration of
. . -—— ] . '

e L

c"hem?cal reacuons dependent prod\\” such as F ‘in ~-Qz 'coritaining CFy '

13
7

plasmas. to decrease ln a 50/50 % CP4/02 plasma at 1.0 Torr, 900 Watts/ 259

‘cm3 plasma volume, the model md:cates that’ the. F concentrauon -calculated

&

for 50, lOG’ and 200 .scem total flow decreases w1th mcreasmg flow ‘rate

) 15 157 15 -3
(8.207-10°7, 6838 IO , 5.625 10 em™~ resp.), while. the O. concentratlon
&

’ mcreases shghtly (2.547- 1013 2'7491013, 29351013 em™3 resp') " One

~ .
conoludes‘ that the observed ntenslty mcrea*se in Flg 53 1Y and 5.3.12 is

“either due-to. ungcounted effects of (e.wvarymg gaps or dug to an uncontrolled

increage in Ar density. o

Increasing power decreases - the [O]/(F] concentration ratio’ (Fig. 5.3.10)

——

while the simhlation predicts an increase when the total flow “alone

mcreases ‘Both trends’ compensate each ot}:er (Fxg 53 13) and thls ratio

. ) »

g — X :
- o
s
=
.12
s
£ .
T
o |
o.olﬁ'ﬁ" o —
0.6 - 0.7 - 0.8 09 - -1.0 vGap(cm).
79 ‘85 92 98 1057112 118 12555,91 Totai flow (sccrm)

675 761 78( 844 900 956 1012 10691125  Powar (Watts)

Fig. 5§.3.13) Measured O/F intensity ratio keeping t:he t:otal flow to qap ratlo ‘

F/g and the power te gap ratio W/g constant. The Ppressure is 1.4 Torr, ‘the
proportion of CF,/0,/Ar is 47.6/47.6/4.8 %.. The solid line Yepresents a
.-least-squares it  to data. .Under -those conditions the calculéted [0)/ {F)
.concentration ratio would be constant., * - e :

-



S D G R S
remains pretty much constant in-.the -n"eQulplasr_n‘ ST \
. ) . . . . . e . A
The gas phases chemistry of the CF4/O, plasma:being well modeled by this '
T > : . . ' SRR B
simulation, we can now see _how the etch rate of -crystalline silicon correlates

.oy ®

-with ‘the fluorine concentration when t-he-“.,Oz' content in the feed, the
) . . - e ‘ N | S’

~ pressure and the power are varied.

i

|

’\‘5.4’ Silicq'n“ ';eh retés o  ‘ | . .\ - T .
" The volatile products of " the‘re-getion between“F atoums .and ‘solid Neﬁic’on
'{:have’ been' iden;ii"ied as ’-_§_if2'_‘and‘.SiF4 [5,24]. }SiFn'n>-1 results from t.he/
ﬂadsorption of F or Fy by ’SiFn_-l», SiF.end SiF3 are ‘not believed to be gas ph‘se‘.'. 3 N o
productsz .b'eea;;e t.h\eyv eeact very 'quickl‘)‘/ with atomic fluorine. The overall - ‘

L] . L]
&

stable product is SiF4 which alone can be traced hy the mass spectrometer.

The reaction scheme intr‘oduced in the simulition for, the removal of silicon
. l - ’/ .

is as descnbed in [34], reactions thh Fz molecules accordmg to [33] have

——

L)

-

been added too :

.. A ” . : . B ot .
)+ F —> SF . limiting s‘Eep’ L -'-'g5.13) |
. SIF+F > SiFy ¢ very fast ¢ 1010 cmdrsec - (5.14) -
SIF2+F ---> SiF3 o very fast B _’;"- ' o, (5'.13)
\8453\+F > SiFy © very, fast S sae
»(#1) +Fy > SiF + F | limi’ti_ng step : ‘ R CRY)
" SiF +Fp . —> SlF2+ F very fast 10710 ¢m3/sec _ (5.\18) _ P
SIFZ + F2 ---> SiF3 +F, vei-y fast - | S | (5.19)°
SlF3 +Fy > SxF4+ F - ., very fa;t ST ' (5.‘20,,) :

P |



: L : T
. v . B.\A N .
. The rates for reactipns (5 '18) to (&20) are th¢ samé ,as those of reactions (5.14)

to (5.16). Reacuons (5 13) and (5 17) are thq limmng steps in the producnon

of SiF4 so that thexr rates become the only etchmg parameter The other el

N

i

_reacnon rates » m ' arbxtranly faﬂr Because of the nature of the

E = V/(Ap)d[SiFldt 0 (521

Y

where V is the intf:relebtrode volume, A 'the silicon exposed area and ‘p the
’ - i‘ ",,‘ N . ' ‘ ot ) ’ .\' )
- density of atoms in crystalline silicon (5'1022_ cm’3). According to reaction

(5.13), the prodﬁction of SiFy is related_to 'the F con'éentration D
. ‘,\ . ! T ., ®

>

d[SiF4Vdt = kg[F]

where kg is reaction (5.13) rate. kg accounts for the supply of “etchant to the .
surfaceq since ditfusjdn processee are neglected, the flux of F atoms to the
"silicon surface is simply g.iven'by the impingemént rate I,

Iy = pQrmpkgT)~1/2 (5.23)

 where p=[MI'kgT is the total pressure,‘ [M] . the total concentration, kB the

+



) = ) \ ? 1 .
. i v L Y .
Boltzmann constant, T thg temperature (300 K) .and mpg, the fluorine atomic
' * N 4 | “

L i ? ” ] » .
mass. It lead$ to : A ) ‘ - -
. \‘ B
N :

kg = LAO/4IMIV) : - . (5.24)

t

¢ ) p—-1

where O = 9.00168,(is théiproﬁability for F to\react on the silicon surface at

- . ‘ ‘ .
FOOm tempgr?ure (300 K) "after B{amm et al. [41]. Thc\impingement rate is
! . . . '. . ) .

divided by 4 because 4 fluorine ‘a;‘on,)s are needed to form SiFy4. F{nally. we
. v - .
“have : . ' . T

”

Y
4

kg = (QA/(4V) (kg T/( 2émp)l2 (5.25)

&

At 300 K ‘and with mg = 19 atomic mass units, kg = 3614 ©-A/V cmi/sec, where A

and V are expresse& An cm Reaction (5.17) rate kg is given) by kE--~kE(2.’O)—"1":2
e - . oy . . o

“to) account for the Fy molecular mass.

In Fig. 5.4.1, computed etch rates are compared With silicon -etch rates |,

measured 6p‘ 5' inch wafers corfespondihg to. 126 cm? exposed’ area. th only

7

predigted etch rates are iower than actual etch rates . for '02 contents ' bélow «

50% but also the peaks &o not coihciﬁe. Equations (5.13)./‘through” (5.22) 'imply

"' that the étch rate is -roughly prdportional to the F concentration because
s/ . X ] . . &«

. N . B . .

molecutar fluorine, which in the model is found in lower concentrations

than atomic . fluorine, does not pfay a major “role. It was .fqund both

”‘ - . . * . ) N . . ' . y \

experimentally - and numerically that ‘the maximum .F. concentration
. . S .

AN



. corresponds to 40 to 50 %

« I v * -
N . . e

N 1SN

5 ' "‘\\‘. !

= Occurs at 20 to 30 % 02 content, The same observation is made in [24] (énd
» . . L .

P N M AN

reference therein) and they concluded that & competition for active sites on

( e «
.the silicon surface between F and O atoms explains this discrepancy.

\
» \
. - .

\
8000 ‘ - —

\ @ Measured
:g 8000 4 \, == Calculated -
8 40004 :
g 3 : -

" 2000 -
0 7 v Y M | d T v
0 20 40 - 60 .80 100

% 02 in feed - .

Fig. 5.4.1) Compari'ﬁon of computed and measured silicon etch rates versus the

0, content in a 100 sccm CF4/0, input .gas m%xture with 5 scem Ar at- 900 Watts,

1.4 'Totr, 0.8 cm gap. The silicon exposed area is 126 cn-lz (5 inch wafers).

® .

Although the surface chei?ﬁstry‘ cannot ' be truly included in the model, a

.

competitive prbcess_between F and O atoms can be—simulated by sl;iwing down

the production of SiF4 with increasing oxygen concentration. Since both

Y .

reactions (5.13) and (3.14) are surface reactions [41], they will now compete

for 'the‘ production of SiF,, which in the model quickly fotms SiF4, according

to the following phenomenological reactions

.
'

02 contept (Fig. 5.3.2) while the maximum etch_rate



SiF + 0 - kg-> F+ 0 — - © (5.26)

SiFy+0--k->SiF+F+0 . . - (5.27)

. Reactions (5.26) and (5.27) describe a competition between F and O atoms for

the production ofe SiF4 which “is of the second order in the O concentration,

therefore the competition is relatively more acute at high O concentrations

than it is at low Q concentrations.

e -

A side effect of that competition is to. lower the calculated etch rate whifth

is 5lready too slow. Reaction (5.13) rate has been adapted to account for the

high observed etch rates by introducing an adjusting parameter B in kg :

-
-

|

kg = lsA(jj/(4'[M]'V)
° ]

¢

‘ J o

B and reactions (5.26) "and (5.27) rate k¢ are now simulation parameters. . 3

-

controls the mag’r‘nitude of Fhe etch 'fate_whi;e k. controls tﬁq position (/)/f ihe

‘maximum etch rate. Figures, 54.2 and _5.‘4.3 show comparisons bt;twetn

calculated etch rates with B=8 and >mez‘is“'urevd etch rates for 5 anc.i/6 inch

silicon wafers. kc'.- 3.0'10‘8 was used. Since reaCt{éﬁs‘ (5.14)-(5.16) ;;re made
: : ;o

arbitrarily faster 'thz{n (5.13), the value of k.. itself does not bear féhy bhysical

meaning. The etch rate dependence ‘on the 05 content in the feed is indeed

o

-(5.28)

‘well simulated when ‘the competitive 'proccss for the produ;:ti"on of SiFy is

“included in the model. k& was assumed that the effectivé reaction rate kg of F

* atoms with atomic silicon is 8 times larger than the one calculated in< (5.24).

-~
. ™ .
.

‘ ,
' : . o oot . e

N =



8000
4 . - Measured
g 80001 ~* Calculated.
- 4
"9
R 4000 < .
. ﬁ )
w
2000 4
0 ] - T v T . .
0 20 40 60 - 80 100 .

% 02 in feed

[ \

Fig. 5.4.2) Comparison of computed and medsured “silicon etch rates versus the
0, content in a 100 scem CF4/0, input gas mixture, with 5 sccm Ar at 900 Watts,

1.4 Torr, 0.8 cm gap. The silidon exposed area\is 126 cm? (5 inch wafer):
" Competition between F and O atoms for the format'ion of 51F4.is included and

3-8.\ ’ ‘ T 3
/ .

6000
9 ’ ' . v
5000 o 1 -~ Measured \/\k

-+ Calculated

Etch rat; (A/min)

WSC?Zin feed

. . L
Fig. 5.4.3) Comparison of computed and measured silicon etch rates versus the
O, content in a 100 sccm CF4/05 input gas mixture with 5 scem Ar at 900 Watts,

1.4 Torr, 0.8 cm gap. The- silicon exposed area is 182 cm? (6 inch wafer) .
Competition between F and O atoms -for the formation of SiF, ‘is included and

Re=8.
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t
!
4

L4
1
A

Note "that B is not necessarily a correction factor’' for the fluorine reaction '

probabability with silicon alone (O = 0.00168). It may include other

phenomena not, or only partially, accounted for in the model. '

~,
-

The purpose here is not to fjnd what values of B and k., maKe the

calculated etch rates fit at best the experimental . walues. Analyzing' the impact

of the conipetitive'.proccss for the production of’SiF4 on the gas phuse

chemistry is more interesting. In particular, under the conditions described

\

in_Pig. 5.4.2, the computed ‘F concentration appears as shown by the black

diamonds in Fig. 54.4. It caff™be seen that, with’ silicon, in the model, the

.

1.00+16
- " 1
. 8.00+15 -
ﬁg L
6.08+15 ~
8 .
=3 ]
€ 4064154 :
g . .
5 4
2.00+15 - ~& without silicon
. - withssilicon
0.0e+0 ~r Y ——rT M R -
0 20 40 60 '80 100
% 02 in feed '

Fig. 5.4.4) Comparison of computed atomic fluorine concentrations with® and
without siligon in the system versus the 0, content in a 100 scem CF. /0, input

gas ‘mixture with S sccm Ar at 900 watts, 1.4 Torr, 259 cm3 plasma volume. In
the 'presence of silicon, the active exposed area is 126 cm?  and competition
between  F and O atoms for the formation of SiF,; is included along with fe=8.

consumption of - F atoms lowers the fluorine concentration while the
- ‘ K . e :

competitive process shifts the peak F concentration toward higher 0O,

86 -



with the actinometry provide only qualitattvevresults, the posmon of the

_ uncertamty.

1

sden that the :elative concentratiog of fluorine with silicon present in the
syst@m does not correlate with t:hat computed and shown in .Fig. 5 L4.4,

Cem o -
Although, as discussed in 'sec_tion '5.2.4, the spectroscoplc dlagnosnc along

N
0

‘p‘e’al; ‘F/‘Af. i'_nt_ensity‘ can 'be,__de’terrnined..wi"thin»\t-lO%,of the 02" oev'é'éntafge.' The

30% 02 content Shlft predxcted by the sxmu'latxon is therefdre larger than “the g
g ! , . .
Vi ond o ~

w

. -
a < .

With B-’SIt"and_ the competition for production of V’Sin as. abov_e, the

computed etch rates are in excellent agreement w1th the measurements when

i the :pressute' is .vaned (Fx_g.‘5\.4‘._6).‘ This result - assess‘x‘es the etch rgte ;

o

Ce ) - - . - L - . .
PR - o . “\
. . . . R 8

| ' 87
contents Thls Shlf[ 1s in contradlctlon \w1th expenmental observatxons of the
ﬂuorme enhssnon lme intensity monitored W1th a ‘wafer sntmg in the reactor

. - . A .».
as 1llustrated t?h Flg 545 R o ;

. .‘ - N K >

u i 4 : - . . " . . O
A * U <& without silicon * o
o 1 - (- \Smchwafer : \ﬂ}, s :
: 3 =& Ginchwafer L
¥ T a N N e k . L
'.= N »
.o 4
SRR - 2 4 )
2
x Lok
C L b R b
< ’
w 1 L '
“, 4 eY
0
SO »
R - | . 100 :
- S R " %02infeed - o
R ‘ : | - I -
YF‘ig 5.4.5) Otf}a-;..gson of . F(703 “Tnm) /Ar(750 4nm) emission  intensities -with and
without silicon wafer in the system versus. the Qo contené in a 100 scem CF /02 )
input gas mixture with ‘5 scem Ar-at 900 Watts, 1.4 Torr, 0.8 cm gap It can be' oo



%

) 'pressure with 182

. gas mlxture at 90

model 'pr{edictiOns‘ appear worse than the'v actually are.

‘(;J . y
»
f. T
8000
/ i“‘
< 6000 -
E | ‘ :
g’ L
Q. i
B 400049 |
O = ! i
: 3.0_ o !
.7 12000 4 <@+ Measured
. -* Calculated
0 iy

00 05 10 1.5 20 25 30
. ! Pressure (Torr)

»

®

Fig. 5.4.6) Compa ison. of measured and  calculated ‘silicon etch rate versus,
m? load (6 inch wafer), in a 87. 5/50/5 scem CF /OZ/Ar input
Watts, 0.8 cm gap. The simulation includes "competition for.
o) atoms and B=8. ‘ ‘ :

sites" “between F. an

——

proportionality to the fluorine concentration over ‘a wide range of -operating

L S @ . ' : ‘. T, . . ; .
pressures. Since the fluorine concentration does: not- change much with the

/'__.. .

injected 'poxveih (i’lg 5.3;.8'),‘? one expects the etch rate to increase only a little

with’ inpre'asing“?powér. This is confirmed in Fig. 5:4.7- which shows that, in

~

spite&gf‘ incidental - plasma instabilities, the etch rate did not vary.

sxgmflcantu over the range 800 to 975 ‘Watts. The spread in etch rate between

the iowest and - the higheSt value s’ only 10% of their average value Because

of thé narrow etch rate scale of Fig. 5-4-7 (3400 A/mm to only 4400 A/min),

\



Fig. 5.4. 7) Comparison

" mixture at 1.4 Torg, 0.8 cm gap. The 51mula_t10n
" gites" Between F‘fJO atoms and A3=8. ‘ o g . . .

" CF4/0,/Ar input gas mixture at 900 Watts, 1,4 Torr, 0.8 em' gap

4400

4200

’

Etch rate (A/fnin).

4000

13800 -

3600 \ -
: e {. @ }Measured] - \ -
R I : . e [Cakuated| % -
3400 ——f— — —
',°750 800 | 850 900" 950 1000 | _
‘ ' Power (Watts) - . R

\ e

of meas‘ur‘yed and calculated silicon el*ch rate versu."

power with 182 cm? load (6 1nch wafer), in a 50/50/5 's¢C CF4102/A1: input qa‘

includes “competition

'

103+ : — ,
] o' Measured N
T ® Calculated : ‘ ’
~E
E -
<
.- .
. ,._‘;..ﬁr .
i
103 ——y et . —r———r—r—rt
10! 102 ° -t 103
N T ~ Wafer area (cm?) '

Fig. 5.4.8) Compafison' of measured and’ c‘alculated”silicbn etch rate versus

silicon eqused'ar%a (load : 2,3,4,5,6 inch- wafers), in a 170/30/5 scecm

The ‘simulatiocn
includes *"competition for sites" between F and O'atoms and B=8., The solid lines
represent logarithmic least-squares fits showing a 1/A° 69 dependence of the
experimental etch' rate on the silicon exposed area and a l/A0 dependence for

che computed etch rate.



for 2, 3, 4, 5 (not measured) and 6 ‘inch wafers. One rec,‘og'ni'ze‘s‘ the lo;idixig |

effect described in [42]) where the "pseudo-blaék-box;' “approach leads to an

etch rate’ inversely proportional to the exposed area A. According to a
o | :

Ieast~§quares fit to the experimental ‘data of ‘Fig. 5.4.8, the depe.n’dén’c'e is‘,in‘
A-0.69 (statistical ,test 0 S R < 1 : R=0.98) 'and it agrees wéli with the simulation

showing an A-0.6 dependence '_(R-I.OO).
\ ’

§

N

5.5 Discussion - .

The radical gas khase éhemist;y of-a CF4/04 plasma etching silicon has
P . R ‘L I" [ ' \'»
been simulated. The model includes all of the etcher's process parameters
~ which are in thi‘dse, thefOé content in the feed gas, the pressure, the bo-wer

- and the 'gap_f('plasma volume). - The reactions and their rates from [32] have:

. . not been changed except for - the electron impact .dissociation - rates ‘which,@

2

_have been tade proportional to the power density. Those rates implicitly-
include the average electron density fig.

The pressure dependence of ‘the electron densit.y,‘ is now discussed. If \AEJ-

.~ is the' bond qnergy. in the reaction ":'_Xj + € --kj--> products, by~w_hich'_Xj is

_ dissociated, then' the power W necessary for ‘breaking the bonds should be at

_least- : ' : -
W= v-zj AEj-kj-'ﬁe-e'AEj/kBTe{xjj ‘ T (5.29)
whereby . i, has the same_foi’m as in [20] with rj.= AEj-kj'e'AE‘j/kBTe the rate

at ‘which electrons. loose energy to species X:. The summation is taken on all -

J

the molecules undergoing .electron .impact dissociation, - V  is the plasma

¢

-



. -

- %

vélumeg@(B\ the bokzmann constant and Te. the electron temperature. The- _ " '+

electron density can be rewritten as follows. :

fig -.(W/V)(zjrj[M]'([Xj]/[M]))'1 , ‘ . (5.30)
- ‘ : '
where (M] is the ‘tdtal concentration r§laied to the total pressure p by

2

, : r ) - ,
p=kgT'[M] . If the brodqcts of the rj's by the fraction of species Xj that are not

in the input gas mixture are much smaller ‘than those for the species fed into

J

\ = = : : ' W
the total pressure alone changes. fi, now writes ot S : S

the 'pfasr‘ha,‘ then, if X: is in the.feé’ gas, the ratio [Xj]/[M] does not change as “ LA

| fig -_(W/V} (erjfj[}w])'l o . | (5.31)

‘where the su,mni‘athﬁ is restricted to- those species fed into the plasma and

undergoj\ng direct electron impact di.ssociati'on. fj = [Xj]I[M] is there‘_‘fbre .

.- assumed pressure independent. One can also write :

Zj fjAEj-e'AEj/‘fBTe-kjﬁes W/(VIM]) ) L (5.3Y)
One rtemarks thateghe left hand . side .Qf that - equation has a 1/p depéndence'
similar to that.of the argon discharge excitation efficiency kprn. found

experimentally (Fig.\4.4.1). It -is expected that the average electron density

@

' increases with increasing .pressure. Therefore. the 1/p behavior observed in

o 7

N

I



iy o

Fig. 441 for the excrtatron efficiency and reported vahd over .ah: energy

range of 8- 20 ev [25]; as ‘well as the lip behavror assumed in equauori\ (5. 32)
, which 1nvolves energies from 2261 ‘ev (drssocrauon energies of CF n=14

[20]), is mainly the result of variations  in ﬁie electron energy distribu‘;ion.

N < © -
(Since we do not know what is the electron density dependence” on the

pressure and since . tl}i's dependence i8 clearly much wea‘_cer‘ than ‘the

variations in the energy distribution, the .’electron~density has been made

pressure independent. This is to say 'that the rate 5 at "which electrons loose

o

,energy by dlssocrativ,e colllsrons is itself 1/p dependem w ‘considering

equatron (5.31), leaves a pressure mdependent electron densrty

‘Regarding the e.lectron' impact disgociations‘present‘ in the CF~4/02‘

T

" - reaction scheme (appendix D), the” assumption stating that the products

-rj[Xj]l[M].can be neglected for‘those'speéies not directly fed into the renctor'

can be discussed. According to the simulation, CF, n=1,2,3, C,F4 and C,Fg

radicals (reactions 1-4,10,11) are in much lower concentrations than CF4.'

BV

ass mpuon seems therefore reasonable for those s.pecres _and it might still

vy

<

shghtly lower ‘than those of CF4 and O, (Fig. 5. 3 l) and its fraction .increases

7

ic oxygen )densitieS' are also orders of magnitude lowdr than the 0,

hold for F5 and CO, found in lower concentrations than the input gnses too

eactions  35,37). COF2 on thé other hand is found in concentrations only _

with increasing ‘pressure. Hence, dep'ending on the COF2 dissociqtion rate .

* value, the product 'rCOFz'[C,OFZ]'/[M] might not be negligible' with respect to -
. L ' _ _ :



. - s 'f"a;;'lti‘n?t as

oW

PN
A

Y t does not react in the plasma. This model . indicates therefore that the argon

*

.+ tepaCF4HIM] and r5(02)IM] . B : x
S et S . »
The feeding: of CFy, ‘02 and Ar as well as the pumping of all “the\ th:,cies

- present in.the plasma have been included in- the model.” The dissociation of

3

the input gas molecules results .in the production of numerous spécies

.tendirjg to increase the -total pressure. This'effe% is balanced by increasing -

the- pumping -rate. Consequently, it lowers the asgow concentration though it

|

concehtr‘zl;ion' depends on “the chemistry which might add some uncertainty'.
_to the qalibrati(;n of Aine emission irﬁensity-of excited species by actinometry. a
In the simulation, steady state corcentrations are "reached a short'time
. ’ B ’ .
as ‘opposed to_ mass spectrometric -data

e
: ' Y .
indicating that steady state is no;%ched durfng the etching period. This

aftér the plasma is "turned on"

-

might be due to wall effects and wafer sucface chemistry not acceunted for ‘in

* .

the model. Changes in -concentrations occurring over-a -time scale longer

than the correspogding residence time of -a packpt of gas traveling in a
' ) B A ‘ i,.,‘—. [

. S L o K .
might also be due to flow vortices in the reactor chamber,

€

tubular reactor,

3

reservoir. R

L e
Ll .~
L A .
1 T
S
.‘.

_"Qf_aiita ively speaking, the computed fluorine and oxygen concentrations

tom

. ;y‘“a-l._ées, are in good agreement with the .F/Ar, O/Ar{ O/F emission intensity

. .

N -

A4 a

_'faiios when the O, coment‘Sl the . feed, the ‘pressure. and the power are;.
var\ie‘d. ' ‘ | _ : S o
_»A - quan.‘tivtati.ve evaluation of "the model can be mﬁde' by ' .clomp:aring -
.combuted and  measured~ cr)?stalli'ne j;ldfon etch rates. The simplest theory c;f
Siliéon etching, whcrpby the etch fate . is broportié‘ﬁal, to the flubrine

thermal impingement flux toward the wafer . surface,” fails -to: reproduce the
j v : | ‘ _ _

measured etch rates, .both quantitatively and qualitatively, "as the O, content -

L 4

e
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?

in the feed is varied. The maximum experimental etch rate occurs at 20 to 30%

of Oy in the CF4/0, gaé mixture and. the eiching is .abqﬁt twice as fast. ‘aé the

o

maximum p}edicted etch rate occurring at 50% O,. Etch rate data for 5 and 6 \j

inch wafers can- be reproduced by ‘speeding the theoretical fluorine reaction
rate on- the surface by a factor B=8, and by introducing a competition between
" .F and O atoms for the production of SiF and SiF, to simulate' a competition for

éctive sites on’ the bsurface' as proposed in ([24]. Yet, doing this, the resulting

- computed F .concentration as  a function of the %O, contradicts the

[

expefimental F/Ar intensity ratio monitored with a ‘wafer in the reactor. On
“the other hand, once the model has been adapted to a givenh gas composition,

the computed etch rates, as pressure, power and wafer size are changed,

.

" -agree very well with the experimental observations. Thus, once a suitable

rate for ‘the production of SiF4, major silicon desorption product, with

varying O, content has been found, the variations of the measured etch rate

g .

with changing pressure; power and load are found to- be .correlated to the

L

variations of the fluorine concentration. This implies that, in this -

-

- experiment, the process parameters affect independently, the production of-

free fluorine which is confirmed 'by the statistical design of experiment

3

presented in section 4.4.1 indicating that the F/Ar intensity ratio is
' » N ‘. £ . \ . ’ . : 'v ' . .
insignificantly correlated to cross terms such “as (%O,)'(pressure),

(% O4):(power), ‘(pressur'e)'(power)..:.(Table .

[
1

The disagreement ~between the observed etch rates -and etch rates

~

calculated when B=1 and without competition for sites, as the '02 percentage is

. .
varied, may be .due
Lo ‘ . -

-
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to changing electron energy . distribution- not accounted, =



2] ;‘}

. v .

for in the model [37]. The large B “value required to f1t the expenmental data

N Y
\ would then account for cnhanced diffusion of F atoms and ions [20]. It seems

difficult to explam this dlscrepancy by a purc chemlcal argument alone. If

indeed atomic siliccfl and SiF, radicals (n-123) react solely with F atoms, '

. then, since  the overall stable silicoh'—contaiﬁing° product is SiF4, the etch rate.

v .
should be simply proportional to the fluorine | consumption which is the

difference in the fluorine concentration with and . without wafer. The

-

resulting fluorine ‘concentratidn should then -reach a maximum at high O,

contents (Fig. 5.4.4). Fig. 5.4.5, however, indicates that the consumﬁtioh of

fluorine does not cor?elatp with _t.he. etch rate ‘(Fig. 542 & 5.4.3). Therefore,

b

the only consistent "chemistry-only" explanation woyld bg ithat SiF
7 . R A' . W : . ' :

mo‘licﬂgs,,%(n-ml,Z,3)' react with fluorine containing species to. form *SiF +1 of
R ) x4 . _ .
which there is no evidence:

Because gOFz; CO, COy and SiF4 are found in relatively large amounts in the

simulation, the reactions involving those stable products are critical in

e

determining the F -concentration and experiments _aiming to study their

concentrations are still to be conducted. Such a study could be carried out

using the réduced_ reaction sc,héme proposed in [32]‘ and consisting of only 13

£ ) \.>

‘ determining reactions. Simulategj\ surface reactions with F, (5.17)-(5.20) could
be dropped out because the reaction ;irobzkility of molecular fluorine on

silicon is much lower than that of atomic .ﬂuorine (43] and F, molecules are

found in much lower concentrations than F atoms toqo.



- X : 6 CONCLUSIONS

Two drfferem approaches to the modeling of plasma etchmg processes on’

a commercral plasma etcher have been mvestlgatcd

<
0

Since, at the present time, the physncal and chemical modeling of glow. “

discharges does not answer the questlons raised by dry-etch process

engineers, one has to rely on experiments to improve those processes,
o o _ ,

process engineer with a tool for computer-#ded

characterization of any process depetd\iry on several independent

parameters. It is based on the empirical mathematical modeling method using

" the statistical design of experiments: [4]. This method gives a maximum of

information with a minimum of experiments which saves time when it is
. N - . N

applied to production equipment. In this thesis, the uséfulness of the-

Wi

statistical desrgn of experiments using this softwarc has been demonstirated

for the -optimization of contact efching in SiO5. The soft{vare “developed for

»

-

this- study is not restricted to plasma etching. It can be applied ‘to the
. v N .
optimization of photolithography, thin film deposition and other

microelectronic procecssing steps. The underlying ‘method is increasingly

.used in the industry [11,14-19]. The software written in the course of this

‘thesis is -«currently used at LSt Logic Corporation' R&D department for plasma

’

»

etching and resist process optimization. This package and its user-guide are
available at the Alberta Microelectronic Centre (appendix A).

The statxstrcal desngn of expenments Jds. a black- box approach pr0v1dmg a
dlrect lrnk>~bctween the. charactenstrcs of a " process and\the process'
parameters of ‘the equipment, but it"d'oea not' give . any insight .about what

" happens durmg the ‘etching’ and why it happens. In this respect, phy'sical

andlor chemical simulations are complementary to the empirical modeling.

96 .
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The latter can serve as a datax base to compare nurnerical simulation results

with experiniental data.
‘In [32], a reaction scheme for the CF4/0, plasma has been developed ‘that
includes first order electron impact dissociations and gas phase rad‘,ical_

chemistry. Th& authors conclude that tneﬂagreement of computed CO,, CO, and

COFZ concentrations ,witn‘ experimental data from (33] is generall} better
P . )

than a factor of 2-under varidus plasma conditions. They also find that“ the F

concentra‘tion is .very well predicted. In [26], it is explained ‘how to relate the
]

emission line mtensxty of an excited species with its concentration  in the

.

gzound state, allowmg thus to measure the relauve variations of F and O

atoms with changmg plasma condmons

. In this thesis, the reaction }heme of [32] has been completed with

feeding and pumpmg parametds and the first order electron tmpact.

~y L]

~ dissociation rates have been .made proportional to the power density. ;I;hxs~

L

chemical kmetrcs, tubular reactor model reproduces very well the  variations

_in atomic F and O concentrations measured in a. commercial parallel plate

1
N

single wafer etcher using the method described in [26], with changin_’g 02‘

N

- content in the feed, pressure and power.

Silicon etch rates measured with changing pressure, power and load® are
) . . 'y : E . . . -
well predicted by the mo}d\‘once it has been adapted to a given 0,

percentage ‘On the other'hand, making the “etch ‘rate proportional ‘to the

ﬂuorfne lmptngement rate faxls to explam the etch rate dependency .on ‘the

0, percent%n .the feed gas mixture. Ad;ustmg the computed Itch ratgs

with .experimental data by speedmg up the producuon of SiF and -by

mtrodncmg a srmulated competmon between F and O atoms for active sites on

97
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the surface as proposed in the literature [24], results in a fluorine
‘f;oncentratjon\which contradicts the experimental _observation.

Measurements of the DC ‘plate to plaie self-bias indicate that it depends ‘on the

percenfage " of O, in the*CF4/O5 mixture which suggests that the etch rate’

. dependency on the chérﬁistry might be due to 'chax{ging plasma ‘elgctrica'l

properties.

/ : .
) The model can be developed further by modifying the chemical kinetics

sim_ulatiéri program [40] in order to solve self-consistently the interm,ibn of

‘the plasma with the surface or/and the RF discharge. The ion chémistry and

the ion enhanced diffusion toward the Surface‘ may also play an important
role and should be treatcd as well. |

Further experiments include probe measurements in the plasma which
would - be useful in determining the dependence of th& electron density o:

the process parameters. Cross comparisons between . spectroscopic analyses of
. da

excited species and a more detailed mass spectrothetric study could also be

carried out. ‘ -
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'APPENDIX A, LSIFIT & MAPPING LISTINGS AND USER-GUIDE &~
PROGRAM LSIFIT |

V1.1 MACINTOSH

FROM: PHILIPPE
DATE : JAN. 25, 1€

’

ALGORITHM FROM "DATA REDUCTION AND ERROR ANALYSIS
’FOR THE PHYSICAL SCIENCES", PH.R. BEVINGTON., FREEMAN 1979,

PERFORMS WEIGHTED NON-LINEAR LEAST SQUARES FIT ON DATAINPUT | -
FROM THE "ANAME" FILE USING TH%FUNCTION FUNCTN. *

INPUT DATA ARE NORMALIZED TO [-1,+1] RANGE AND THEN STANDARDIZED. 8
. DATAFILE (ANAME) MUST APPEAR AS FOLLOWS :
'NPAR , , ek
NDEP :
NPTS

PARA(1 }(*20 CHARACTERS)

PARA(NPAR) - L
RESP(1)('2OCHARACTERS) ‘

 RESPNDEP) B ‘ I

X001 XNPART)  Y1(1.1)..YINOEP. ) SIGMAY(1)

v
23

?

X(1,NPTS)....... X(NPAR NPTS) Y1 (NPTS). Y(NDEP NPTS)  SIGMAY(NPTS)

v

PARAMETERS : . ‘ _ -

RP . RELATIVE PRECISION REQUIRED ON STD DBVIATION

NPAR . ° : NUMBER OF INDEPENDENT PARAMETERS

NDEP : NUMBER OF DEPENDENT PARAMETERS : :
NPTS .t NUMBEROF DATA POINTS '_ ' E -
NOD - . : ORDEROFPOLYNOMAL o

X i ARRAY OF DATA POINTS (INDEPENDENT VARWMBLES)

Y : ARRAY OF DATA POINTS (DEPENDENT VARIARESS)

w :  DATA POINT WEIGHT

MODE .=~ : SPECIFIES METHOD OF WEIGHTING :

+1 (INSTRUMENTAL) W()=1/SIGMAY(l)**2 .
0 (NO WEIGHTING) W(l)=1.0 .
-1 (STATISTICAL) W(l)=1/Y(l) oS

ottt"tn-t NOTE . N
SUBROUTINE CURFIT 1S ALLOWED TO PROCEED WITH NFREan !
SEE LINE 1 1 IN CURFIT '

DOUBLE PRECISION TEST,CHISQR,RP,CHISQRD

'DIMENSION X(28,100),Y(10,100),SIGMAY(100), ERROR(28,28),
DELTAA(28),A(28), YFIT(100),SIGMAA(28), XMIN(28), XMAX(28),
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1

60

65

70
100 -

600

.C’

Cc
[}

C
Cc
c

605

5

AVERAGE(38), EXPERRORU O) SIGMAX(28) AVEX(28) VARY(100)

CHARACTER"16 ANAME

CHARACTER"20 PARA(ZB),RESP(‘! 0)

INTEGER DD,MM,YY-
ANAME='"'

o

OPEN(UNIT=4, STATUS-'UNKNOWN )

WRITE(9,60)

WRITE(4,60)

FORMAT(- LSIFIT.FOR BEGIN)
TYPE 85, ANAME .
FORMATY("- EXPERIMENT Al s)
- ACCEPT ANAME
WRITE(4,85) ANAME

CALL DATE(MM,DD,YY)
WRITE(9,70) DD,MM,YY
WRITE(4,70) DD,MM,YY
FORMAT(- DATE 'I2.2 2('/' 12.2))
TYPE6OO .
WRITE(4,600)

FORMAT(- INPUT FILENAME )
ACCEPT ANAME -

READING THE INPUT FILE
NG I3

“QPEN(UNIT=2, STATUS-'UNKNOWN' FILE="MAP.IN’ )

OPEN(UNIT=3,STATUS='OLD", FILE=ANAME)

READ(3,")NPAR
READ(3,*)NDEP
READ(3,")NPTS

L ae—aa

WRITING IN MAP.IN

WRITE(2,*) NPAR

h WRITE(Z.')' '

DO 605 J=1,NPAR
READ(3,613) PARA(J) -
WRITE(S,609) J,PARA(J)
WRITE(4,609) J,PARA(J)

- WRITE{2,613) PARA(J)

-+ DO 607 Jui,NDEP,

607

609
612
613

S~ READ(3,*)(X(W\)), J.f,NéAR),gv(J,l),

- READ(3,813) RESP(J)

WRITE(9,612) JRESP(J).
WRITE(4,612) J,RESP(J)

"FORMAT(' X(",12,') <= ,A20)
_FORMAT("Y(,12,) <= ',A20)

FORMAT/(A20)
TYPE *,(* X('J.)'J=1,NPAR)
WRITE(9.) (' Y(,) " l=1,.NDEP)
TYPE (4,*) (' X(.J.") ‘J=1,NPAR)

wnrrs(4 0 YCL) et NDEP) :

DO 110 I-1 NPTS

¢

]

/

Jut ,NDEP),SIG{AAY(I) .

105



v 106

IF (SIGMAY(I) LE.0.0) SIGMAY(l)=1.0

WRITE(9,")(X(J,1),J=1,NPAR),(Y(J,1),d=1,NDEP), SIGMAY(I) : »
WRITE(4,*)(X(J,1),J=1 NPAR) (Y(J |) J=1,NDEP), SIGMAY(I) '
110 CONTINUE .
c NGRMALIZATION

DO 105 J=1,NPAR
XMIN(J)=1.E37 , : ,

105 XMAX(J)=-1.E36 <
DO 120 J=1,NPAR :

DO 120 l=1,NPTS :
XMIN()=MIN(X(J, ), XMIN())

120 . XMAX(J)=MAX(X(J,1), XMAX(J)) , ‘ .
DO 130 J=1,NPAR - '
DO 130 1=1,NPTS ‘ o :

130 X, 2.4 (X IFXMING)Y(XMAX()-XMIN))-1. C ;

CLOSE(UNIT-S)
C - STANDARDIZATION -
B PTS-NPTS :

DO 131 I=1,NPAR

SIGMAX(l)=0. - -

131 AVEX(l)=0. o : .
DO 132 I=1,NPTS o , . ' .
DO132 J=1,NPAR : _ —
AVEX(J)=AVEX(J)+X(J1)/PTS -

132 SIGMAX(J)=SIGMAX(J)+X(J,))*2/PTS

DO 133 J=1,NPAR
IGMAX(J)-(SIGMAX(J)-AVEX(J)"2) PTS/(PTS 1)

DO 133 1=1,NPTS . -
X(J, )={X(J,))-AVEX(J)/SQRT(SIGMAX(J))

133 . IF (ABS(X(J,)).LT.1E-6) X(J,1)=0. :

C  STATEMENT 133 PREVENTS OVERFLOW oue TO (1E-6)**6=1E-36 o N
WRITE(4,137)

137 FORMAT('- MINIMUM MAXIMUM:'SX,

1 VARIANCE AVERAGE PARAMETER')
DO 134 J=1,NPAR
WRITE(4,136) XMIN(J),XMAX(J), SQRT(SIGMAX(J)) AVEX(J)J
134  WRITE(2,136) XMIN(J),XMAX(J), SQRT(SIGMAX(J)) AVEX(J)J
136  FORMAT(4(X,E10.3).X,12)

WRITE@2,") '
c ' : ‘ : . .
C DISPLAY CORRELATION MATRIX FROM DATA POINTS . : ' e
c : ' :
TYPE - SUBROUTINE CORR IN PROGRESS...'
CALL CORR(X,Y,NPTS,NT,NPAR,
1 NDEP,AVERAGE,EXPERROR, NDF NREPUCATE)
WRITE(S, 135)

135 FORMAT('TERMINATED b}

C A

c CHOOSE DEPENDENT PARAMETER

140 IF (NDEP.EQ.1) THEN _ L . - =
NDsf ‘ S .

0

-



T Lo N o107
ENDIF
TYPE 9300 -
WRITE(4,9300) - .
9300 FORMAT(/- ENTER NUMBER OF DEPENDENT PARAMETER 4 -
. ACCEPTND . .
" WRITE(4,8310) ND
9310 ?RMAT(IS)
. IF(ND.GT.NDEP) GOTQ 140
73  TYPE7S : \
WRITE(4,75) y : : A . ,
75 = FORMAT(- ENTER@ER OF POLYNOMIAL : ) . .
ACCEPTNGD ' : ‘
WRITE(4,80) NOD
80  FORMAT(I3) .
- IF(NOD.EQ.2) THEN
NTERMSa1 +2'NPAR+(NPAR-1 )*'NPAR/2
IF (NOD.EQ.3) THEN : : ' N
IF (NPAR.GT.3) THEN ' o , S
WRITE(9,87) ' :
87 FORMAT(- Il TOO MANY PARAMETERS FOR 3-RD ORDER FIT")
GOTO 73 A
 NTERMS=1+3*(NPAR+(NPAR-1)*'NPAR/2) _
IF. (NPAR.EQ.3) NTERMS=NTERMS +1 ' ' " .
ENDIF S ' 4
IF (NOD.EQ.1) THEN _ ‘
_NTERMS=1+NPAR '
ELSE '
IF (NOD.EQO) THEN  °
TYPE - ENTER NUMBER OF MODEL TERMS >
ACCEPT NTERMS
ELSE g
WRITE(9,89)
89 FORMAT(- ! FIRST SECOND OR THIRD ORDER FIT ONLY') -
. GOTO73 .
END IF ' . :
ENDIF -
ENDIF _ .
ENDIF - .
- WRITE(9,72). . _ :

72 FORMAT(- ENTER WEIGHTING MODE )
TYPE® (+1=INSTRUMENTAL,0=NO WEIGHTING, 1=STATISTICAL)
ACCEPT MODE - :
IF (MODE) 730,740,750
730 WRITE(4,731)
731 FORMAT(- WEIGHTING MODE : STATISTICAL) SR
GOTO 752 '
740  WRITE(4,741) ‘ ' . L
741  FORMAT(- WEIGHTING MODE : NO WEIGHTING) ' o
' GOTO752 - .
. 750 *WRITE(4,751)



" . . s .
. A N N 0 N -
* t ’ v ’ I : 1 0 8
. : . . . e
. ' . LU
. . AN
N : i ) "%; i

+

751  FORMAT(- WEIGHTING MODE INSTRUMENTAL) .

752  NORD=1 ‘ , \ X

" IF (MODE.EQ.0) THEN '

DO 760 l=1,NPTS ) B

760  VARY(l)=f. ‘ N - ) .
BSE | s T #
DQ/770 I=1,NPTS ‘

770 VARY(I)-SIGMAY(I)
ENDF

FIRST GUESS ON COEFFIQIEN}S

‘000

DO 9016 I=1,NTERMS ‘ ' » *
A(l)=0.0 "
: SIGMAA(1)=0.0 . o o
9016 CONTINUE - - ‘ .
~ TYPE 9505 '
9505 FORMAT(- INPUT GUESSES ? (YES/NO) ) -
9506 FORMAT(- INPUT GUESSES ) :
. ACCEPT ANAME
IF (ANAME.EQ.'YES") THEN -
WRITE(4,9506) ,
. DO'3304 I=1,NTERMS
TYPE 3305,1 B
'WRITE(4, 3305)| .
ACCEPTA() =~
WRITE(9,3333) 1 A(l) RS .
3304 WRITE(4,3333) ,A(}) , h ‘
. ELSE ‘ , /
: DO 3310 l=1,NTERMS
3310 A(l)=1.0
‘WRITE(9,3340) A(1)
WRITE(4,3340) A(1) ‘ .
ENDIF ’
3305 FORMAT(  A(,12)="
3333 FORMAT('  A(,12))="'1PE118 )
3340 FORMAT(- ALL COEFFICIENTS SETTO ', 1PE11.4) =
TYPE 9401 o o
- WRITE(4,9401) - ' !
9401 FORMAT(- ENTER‘RELATIVE ACCURACY REQUIRED y)
ACCEPTRP
' WRITE(4,9402) RP
9402 FORMAT(1PE11.3
TYPE 9404 * < ' S o :
.- WRITE[#;9404) ' : SO
9404 FORMAT(- ENTER MAXIMUM NUMBER OF ITERATIONS : ) : - ' ‘
ACCEPT MAXIT . .
- WRITE(4,9406) MAXIT  ~ . - o -
9406 FORMAT(110) - - ' : R
CALL TIME(NSEC1) C : '
TEST=1.E10
DO 216 =1, NTERMS
DELTAA(I)=A(1)/10.0

o
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. SEARCH FOR AN EXTREMUM IN WINDOW -

CONTINUE
FLAMDA=0.001

TERATION LOOP

TYPE LEAST-SQUARES FIT IN PROGRESS '
DO 52 Jd=1,MAXIT
CALL CURFIT(X,Y,SIGMAY,NPTS, NTERMS MODE,A,DELTAA,
SIGMAA,0.001,YFIT,CHISQR,ERROR,NPAR,NOD,ND)
IF (CHISQR.EQ.0.0) THEN }
CHISQRD=1. ' ) 4
ELSE ’
CHISQRD-CHISOR
END IF ‘
TEST=(TEST-CHISQR)/CHISQRD
IF (TEST.LE.RP) GO TO 54
TEST=CHISQR -
CONTINUE

FORMAT(' I! NO CONVERGENCE)

WRITE(9,§301).
WRITE(4,9301)
WRITE(9) TERMINATED.'
WRITE(9,9099) KJJ

"~ WRITE(4,9099) KJJ

CALL TIME(NSEC2)

* WRITE(9,9097) NSEC2-NSEC1
WRITE(4, 9097)‘Nsecz-Nsem

WRITE(9,9100)
WRITE(4,9100)
WRITE(9,9110)
WRITE(4,9110)
FORMAT('- ELAPSED TIME :',16,' SEC")

FORMAT(/-'14,' TERATIONSY)

FORMAT(/- MOOEL COEFFICIENTS',5X,'STD ERROR',8X,'F-RATIO' )
FORMAT(52(

DO 8888 =1, NTE

WRITE(8,7777) A(l), | SlGMAA(I)'SQRT(CHISQR),

~ (A(IVSIGMAA()))**2/CHISQR

WRITE(4,7777) A(l),| “SIGMAA(l)*SQRT(CHISQR),
(A(I)/SIGMAA(I))"ZICHISQR

CONTINUE

FORMAT(E11.4,' = A(LI2) +/-"F9.6, 1ox F6.1)
WRITE(9,8889) CHISOR .
WRITE(4,8889) CHISQR ' .
FORMAT(/- CHI SQUARE = ' 1PE11.4)

PAUSE
- L

IF (NOD.EQ.2) CALL EXTREMUM(A, XMIN,XMAX,SIGMAX,AVEX,NPAR)

STATISTICAL ANALYSIS

109
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* WEIGHT ()=1./(-Y(ND,})) s

110

"

CALL STAT(X,A,Y,VARY.YFIT,NPAR.NPTS.NTERMS,NT.
ND,AVERAGE,EXPERROR NDF,NREPLICATE,NDEP)
TYPE - SAVE FIT IN MAP.IN (Y/N) ?* ’

' ACCEPT ANAME

IF (ANAME.EQ.'Y") THEN-

. WRITE(2.613) RESP(ND)

DO 9600 l=1,NTERMS
WRITE(2,7777) A().] SIGMAA(|)'SQRT(OHISQR)
ENDIF
WRITE(9,9500) ' .
FORMAT(- ENTER "END" TO STOP") : o :
ACCEPT ANAME " ‘ - .
IF (ANAME.NE'END') GOTO 140 . : .
WRITE(9,1001) :
WRITE(4,1001) .
FORMAT(/- END PROGRAMLSIFIT.) | |
PAUSE o , .
sTOP o :

-

END .

SUBROUTINE CURFIT(X,Y,SIGMAY,NPTS ,NTERMS,MODE,A DELTAA, \ :
SIGMAA,FLAMDA,YFIT,CHISQR,ERROR,NPAR,NOD,ND) ' ’ 3
DOUBLE PRECISION ARRAY,CHISQR,CHISQ1,FCHISQ
DIMENSION X(28,100),Y(10,100),SIGMAY(100),A(28), DELTAA(28),
' ERROR(28,28),SIGMAA(28),YFIT(100)
DIMENSION WEIGHT(100),ALPHA(28,28),BETA(28), DERIV(28)
. ARRAY(28,28),8(28)
NFREE=NPTS-NTERMS - v - -
IF (NFREE) 13,20,20
CHISQR=0.0

- GOTO 110

EVALUATE WEIGHTS

BD 30 |=1,NPTS : /\

- IF(MODE) 22,27, 29

IF(Y(ND,))) 25,27,23
WEIGHT())=1./Y(ND,1)
GOTO 30

GOTO 30

WEIGHT()=1.0

GOTO 30 ' .
WEIGHT(f)=1/SIGMAY(1)**2
CONTINUE

EVALUATE ALPHA AND BETA MATRICES

. DO-34.J=1,NTERMS ‘ ‘ : : .

BETA(J)=0.0
DO 34 K=1,J
ALPHA(J,K)=0.0



41 DOSOI=1NPTS - .
CALL FDERIV(X,|,A,DELTAA,NTERMS,DERIV,NPAR NOD)
DO 46 J=1 NTERMS -
BETA(J)-BETA(J)+WEIGHT(I) (Y(ND,)-
1 FUNCTN(X,,A,NPAR,NOD))*DERIV(J) v
DO 466 Ku1,J
, ALPHA(J,K)=ALPHA(J, K)+WEIGHT(I) DERIV(J)'DERW(K)
466 CONTINUE ,

46  CONTNUE -

50 CONTINUE

51 DO 53 Ja1 NTERMS

DO 53 Kel,J .

53 ALPHA(K J)=ALPHA(J,K) .

Cc : ’

C EVALUP\TE CHI SQUARE AT STARTING POINT
'.C .

81" (DO 621m1,NPTS , o

62 YFIT(I)-FUNCTN(X LANPAR, NOD)

63 CHISQ1 -FCHISQ(Y SIGMAY, NPTS NFREE MODE, YFIT ND) >
c .

C INVERT MODIFIED CURVATURE MATRIX TO FIND NEW PARAMETERS
Cc

7 ‘

: oo_ 74 J=1 NTERMS ct : .
DO 73 K=1,NTERMS' "

73 ARRAY(JK)=ALPHA(, K)/SQRT(ALPHA(J J)*ALPHA(K K))

74.  ARRAY(JW)=1.+FLAMDA e

80  CALL MATINV(ARRAY,NTERMS, DE]')

81 DO 84J=1,NTERMS

B)=AW) . -

DO 84 K=1,NTERMS

EVALUATE PARAMETERS AND UNCERTAINTIES

84 B(J)=B(J)+BETA(K)*ARRAY (J, K)/SQRT(ALPHA(J J)'ALPHA(K K))

Cc

C CHI-SQUARE INCREASED, INCREASE FLAMDA AND TRY AGAIN

c : '

91 DO 92 |=1,NPTS .

92 YFIT(1)=FUNCTN(X,1,B,NPAR,NOD)

93 CHISQR=FCHISQ(Y,SIGMAY,NPTS, NFREE,MODE, YFlT \ND)
IF(CHISQ1-CHISQR) 95,101,101

95 FLAMDA=10."FLAMDA
GOTO o

c

Cc

c

10

1 DO 103 J=1,NTERMS
AJ)=B(J) .
. DELTAAW)=BETAW)FLAMDA/ALPHAW.J) S
103 'SIGMAA(J)=SQRT(ARRAY/(J,J)/ALPHA(J.J))
FLAMDA=FLAMDA/10.

©.110  CONTINUE

END -

FUNCTION FCHISQ(Y,SIGMAY.NPTS.NFREE,MODE.YFIT,ND)
DOUBLE PRECISION CHISQ,WEIGHT,FCHISQ,FREE

| .

111



DIMENSION Y(10,100),SIGMAY(100),YFIT(100)
11 CHISQu0.0 . )
12 IF(NFREE) 13,13,20 :
13 FCHISQ=00 (™,

GOTO 40

C  ACCUMULATE CHI-SQUARE

20  DO30I=1,NPTS

21 IF(MODE)22,27,29
22 IF(Y(ND,))) 25,27,23
23 . WEIGHT=1./Y(ND,))

GOTO 30 .
25  WEIGHT=1./(-Y(ND,})

GOTO 30
€7  WEIGHT=1.0

GOTO30

20 WEIGHT=1./SIGMAY())2
30 CHISQ=CHISQ+WEIGHT*(Y(ND,)- YFIT(I))"2

c DIVIDE BY NUMBER OF DEGREES OF FREEDOM

N FREE=NFREE C
32 FCHISQ=CHISQFREE
40 CONTINUE
END _
c - Sy
' SUBROUTINE FDERIV(X,I,A,DELTAA,NTERMS,DERIV,NPAR,NOD)

OOMPUTES DERIVATIVES ( CORRESPONDING TO FUNCTION FUNCTN

OO0

DIMENSION X(28,100),A(28), DELTAA(28),DERIV(28)
DO 10 Ma1,NTERMS

Ad=A(M)

DELTA=DELTAA(M)
A(M)=AJ+DELTA .
F1=FUNCTN(X,1,A,NPAR,NOD)
A(M)=AJ-DELTA,

DERIV(M)=(F1-FUNCTN(X,l,A,NPAR NOD))/(2 m

3

A(M)=AJ

10 CONTINUE
END :

C N ) -—
SUBROUTINE MATINV(ARRAY,NORDER,DET) : .
DOUBLE PRECISION ARRAY,AMAX SAVE
DIMENSION ARRAY(ZB 28),1K(28),JK(28)
DET=1.0
DO 100 Ka1 NORDER _

C
c FIND LARGEST ELEMENT ARRAY(lJ) IN REMAINDER OF MATRIX
- C

AMAX=0.0 - .
21 DO 30 =KNORDER



20008

8

70
A

74
75
80

81 .

105

DO 30 JuK,NORDER
IF(DABS(AMAX)-DABS(ARRAY(1,J))) 24,24,30
AMAX=ARRAY(l,J) -
K(K)l

JK(K)m

CONTINUE )

| INTERCHANGE ROWS AND COLUMNS TO PUT AMAX IN ARRAY (K K)

»
IF(AMAX) 41,32,41
DET=0.0 -
GOTO 140
lmlK(K)
IF(I-K) 21,51,43
DO 50 J=1,NORDER
SAVE=ARRAY(K,J)
ARRAY/(K,J)=ARRAY(l,J)
ARRAY(l,J)=-SAVE :
JuJK(K) - \
IF(J-K) 21,61,53
DO 80 I=1,NORDER
SAVE=ARRAY(I,K)
ARRAY(1,K)=ARRAY(l,J)
ARRAY(1,J)=-SAVE

ACCUMULATES ELEMENTS OF INVERSH MATRIX

. DO 70 I=1,NORDER

IF(1-K) 63,70,63
ARRAY(1,K)=-ARRAY(I,K)/AMAX

CONTINUE

DO-80 I=1,NORDER

DO 80 J=1,NORDER

IF(I-K) 74,80,74 . :

IF(J-K) 75,80,75 - ,
ARRAY(1,J)=ARRAY (1,J)+ARRAY (1K)’ ARRAY(K,J)
CONTINUE

DO 90 J=1,NORDER

IF(J-K) 83,90,83

ARRAY(K,J)=ARRAY (K.J)/AMAX
CONTINUE

ARRAY(K,K)=4./AMAX

DET=DET*AMAX

RESTORE ORDERING OF MATRIX

DO 130 L=1,NORDER
KaNORDER-L+1 o
JalK () . >
IF (J-K) 111,111,105

DO 110 I=1,NORDER
SAVE=ARRAY(l.K)
ARRAY(l,K)=-ARRAY(l,J)



110
11

113
120

130
140

000

200

285

270

275

280

290

ARRAY(l,J)=SAVE .

InJK(K)

IF(I-K) 130,130,113

DO 120 J=1,NORDER

SAVE=ARRAY(K,J)

ARRAY(K,J)=-ARRAY(l,J)

ARRAY(!,J)=SAVE

CONTNUE i
DET=DET @

END

SUBROUTINE CORR(X,Y.NPTS,NT,NPAR,

NDEP, AVERAGE, EXPERROR NDF NREPLICATE)
DIMENSION X(28, 100) SIGMAT/(38),CMAT(38,38),
AVERAGE(38),Y(10,160),T(38,100),EXPERROR(10)
LOGICAL"4 COUNTED(100)

CALCULATE PURE ERROR
DO 200 I=1,NDEP

EXPERROR(l)=0.
NDF=0

- NREPLICATE=0

V'

DO 285 K=1,NPTS
COUNTED(K)=.FALSE.
DO 280 l=1,NPTS-1
DO 280 K=l+1,NPTS
NREP=0
DO 270 J=1,NPAR
IF (X(J,K).EQ.X(J,1)) NREP=NREP+1 *
IF (NREP.EQ.NPAR) THEN
DO 275 L=1,NDEP

EXPERROR(L)-EXPERROR(L)+(Y(L,I) Y(L K))r272.

NDF=NDF+1
IF (.NOT.COUNTED(K)) THEN
NREPLICATE=NREPLICATE+1 -
COUNTED(K)=.TRUE.
END IF
END IF
CONTINUE )
ADJUSTED EXPERIMENTAL ERROR
DO 290 |=1,NDEP

EXPERROR(I)-EXPERROR(I)'FLOAT(NREPLICATE)/FLOAT(NDF)

INITIALIZE ) L

LESS THAN 4 INDEPENDENT PARAMETERS, CUBIC TERMS 1NCLUDED

IF (NPAR.LT.4) THEN
NT=3*(NPAR+(NPAR-1)*"NPAR/2)

EXACTLY 3 PARAMETERS :

IF (NPAREQ.3) NTaNT+1 T

FLSE
MORE THAN WETERS ONLY QUADRATIC TERMS :

NT=2*NPAR+(NPAK-1)*NPAR/2

END IF

»»»»»
¢¢¢¢¢

a



s

C - ADDRESPONSES:
* NT=NT+NDEP . ‘
. PTS«FLOAT(NPTS) - o
- DO 10 la1,NT . '
. SIGMAT(l)s0. ..
AVERAGE(I)-O .
 DO10J=1,l - ; ‘ R
10 CMAT(IJ)s0. L
B¢ o DEFINE MATRIXOF TERMS
*.CALL TERMS(X,Y,T.NPTS,NT,NDEP,NPAR)
C . CALCULATE AV RAGESAND AVERAGE OF son
. DO20 l=i,NPTS -
. DO20Jmi,NT ' IR
_ AVERAGE(J)=AVE AGE(W)<TW)/PTS e
: SIGMAT(J)-SIGMAT(J)+T(J I)"2/PTS o .
.20 - CONTINUE : ' R
.C . CALCULATE VARIANCES AND CORRELATIONS e
. DO30lt,NT .
SIGMAT(I)-(SIGMAT(I) AVERAGE(I)"Z)'PTS/(PTS 1)
~ DO30K=1NPTS
. DO30Jut,l ¢
- CMAT(1,J)=CMATY, J)+(T(I K)-AVERAGE())*
ot (TEK)- AVERAGE(J))/SQRT(SIGMAT(I)'SlGMA )/(PTS 1) ’
30 - CONTNUE

€ - DIAGONALIZE CORRELATION MATRIX o
‘DO 40 I=1,NT . A o L
: DO 40 J=t,l ' ' ' , B .
40  CMAT(l,J)=CMAT(l, J)/SQRT(CMAT(I I)'CMAT(J Jy)
c . + DISPLAY CORRELATION MATRIX
"~ -WRITE(4,43) - : B
43 * FORMAT(/- CORRELATLON MATRIX : /)_.. S e
60 WRITE(4,110) (CMAT(I,d).J=1, h- R , IR
TYPE(4,") ( X.L=T,NPAR) - o o S
 DO70I=tNPAR - A S R T
70 TYPE(4,") (™ JJ=INPAR) ‘ _ L ,
IF(NPAR.LT.4) THEN-: o ' A S : .

“# IF(NPAR.GE.1) TYPE(4,") ' 113" : , ‘ I
. -IF (NPAR.GE.2) TYPE(4,").'2'142172/22+3' Ch R N S
R (NPARma) TYPE(4,") '3-1A21-3A23-2A22'3'~21*2-33A3' . SR '

ENDIF K
"TYPE(4,") ( Y"1,}=1,NDEP) .
WRlTE(4 R
110. FORMAT(ae(x F3.1)) : : : '
o B | | s 0
< vSUBROUTlNE STAT(X A Y SIGMAY, YFIT, NPAR NPTS NTERI\;1\S NT
1. ND,AVERAGE,EXPERROR,NDF, NREPLICATE,NDEP) : ‘
, * - DIMENSION X(28,100),A(28),AVERAGE(38), x f SR
1 Y(10,100),YFIT(100), EXPERRORUO) SIGMAY(100) - '
.C T /o

G- VARMABLES: o . S
.c . ijSSTOT ,(1NV(I)"2)2‘.(Y(ND 1)-AVERABE(Y))**2 ~

. \

7.



0000000

10

. WRITE(4,9403)
- WRITE(4,9407)

9405
9403
9407

RRECE R

‘i

(1/W(|)"2)(;‘YF|T(|) AVERAGE(Y))”Z +Z(Y(ND I)-YFIT(I))*2)
= SREGF +R2 A , '

_ SSREG= SSTOT- A2~ SREGF
RY2 = SSREG/SSTOT i

RYY = (1-(R2*(NPTS-1)/(SSTOT*(NPTS-NTERMS)) ADJUSTED R2

- FRATIO = (RY2*(NPTS-NTERMS))/((1-RY2)*(NTERMS-1)) F-RATIO

SSTOT=0.

DO 10 I=1,NPTS -4

 SSTOT=SSTOT+(Y(ND,})- -AVERAGE(NT- NDEP+ND))/SIGMAY(4))"2

WRITE(9,9405)

~ WRITE(4,9405)

WRITE(9,9403) e | \
WRITE(9,9407) ol .

FORMAT(/53X,'RELATIVE')

_FORMAT('POINT #,4X,'DATA",9X,'RESIDUAL" 9X, 'FIT‘ 9X, 'RESIDUAL') :

FORMAT(62(_)) ; —
R2=0, - S : - o
SREGF=0. | I

- DO 213 J=1,NPTS

213 ¢
9330

9305

RaYFIT(J)-Y(ND.J)

SREGF=SREGF+((YFIT(J)- AVERAGE(NT-NDEP+ND))/SIGMAY(J))"2
R2=R2+(R/SIGMAY(J))**2

WRITE(9,9330) J,Y(ND,J),R,YFIT(J), R/Y(ND,J)
WRITE(4,9330) J,Y(ND,J),R YFIT(J),R/Y(ND,J) ' S
CONTINUE. o S
FORMAT(13,4(5X,E10.3)) ' »

SUM OF SQUARE OF REGRESSIONS '
SSREG=SSTOT-R2 '

ADJUSTED R2

~ RYY=1 R2'FLOAT(NPTS-1)/SSTQT/FLOAT(NPTS NTERMS)

F-RATIO

: FRATIO-SSREG/RZ'FLOAT(NPTS NTERMS)/FLOAT(NTERMS 1)

WRITE(9,9305)
WRITE(4,9305) _
FORMAT(/- LEAST-SQUARES REGRESS!ON ANALYSIS /)

. WRITE(9,9307)

9307

-+ 9309

1

9313

JRITE(4,0309) - : | o

WRITE(4,9307)

FORMAT(14X,'SUM OF',4X, DEGREES OF',5X, MEAN' )
WRITE(9,9309)

.

FORMAT(4X,'SOURCE',4X, 'SQUARES' 5X 'FREEDOM‘ 5X
. '‘SQUARE',3X,F-RATIO")
WRITE(9,9313) o

_ WRITE(4,9313)

FORMAT(S3(_")/} " '
WRITE(9,90) SSREG,NTERMS-1 SSREG/FLOAT(NTERMS-1),FRATIO - -
WRITE(4,90) SSREG,NTERMS-1,SSREG/FLOAT(NTERMS-1),FRATIO
FORMAT('REGRESSION',2X,F9.4,7X,12,5X,F9.4,3X F7.1)

- WRITE(9,9311) R2,NPTS-NTERMS,R2/FLOAT(NPTS-NTERMS)
‘ WRITE(4 931 1) R2,NPTS- N'I)ERMS \R2ZFLOAT(NPTS-NTERMS)

| »

-
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9311 FORMAT(' RESIDUAL 22X Fo. 3/ 7X,12,5X,F9.4) ;
' WRITE(9,92) EXPERROR(ND),NREPLICATE, . : ‘
1 EXPERROR(ND)FLOAT(NREPLICATE) } \ :
WRITE(4,92) EXPERROR(ND),NREPLICATE, . L
.1 EXPERROR(ND)FLOAT(NREPLICATE) \l\

N2  FORMAT('PURE ERROR',2X,F9.4,7X,12,5X,F9. 4)
NFL=NPTS-NTERMS-NREPLICATE .
FITER=R2-EXPERROR(ND) ’ - .
RATlO-FITER/EXPERROR(ND)’FLOAT(NREPLICATE)/}‘—‘LOAT(NFL) .
' WRITE(9,94) FITER,NFL,FITER/FLOAT(NFL),RATIO .
 WRITE(4,94) FITER,NFL,FITER/FLOAT(NFL),RATIO
94  FORMAT(LACK OF FIT",X,F9.4,7X,12,5X,F9.4,3X,F7.1) hd
- WRITE(9,93) SSTOT, NPTS-1,8STOT/FLOAT(NPTS-1) e
: WRITE(4,93) SSTOT,NPTS-1,8STOT/FLOAT(NPTS-1)
93" FORMAT(" TOTAL '2X,F9.4,7X,12,5X FU\
-WRITE(9,95) RYY
- WRITE(4,95) RYY
95 - FORMAT(’ADJUSTED R2:',F4.2)
- WRITE(9,100) SREGF,SREGF+R2
: WRITE(4,100) SREGF,SREGF+R2 - ‘ ,
100 FORMAT('CALCULATED REGRESSION ='F9.4,' AND TOTAL =" F9. 4)

A

c
- SUBROUTlNE EXTREMUM(A, XMIN,XMAX, SIGMAX, AVEX NPAR)

DOUBLE PRECISION XMAT SAVEMAT

DIMENSION, A(28), XMIN(28),XMAX(28), XMAT(28,28), = -

1 SAVEMAT(28.28) EX(28), SIGMAX(28), AVEX(28) -

DO 10 I=1,NPAR

DO 10 J=1,NPAR

IE (J.EQ.) THEN

=1 +2°J4+(J-1)"0/2 T

- XMAT(1J)=2. 'A(N) . :

ELSE . ‘ ,
 Na(@+1)WR24+1 o i ~
" XMAT(l, J)-A(N) ' : ‘ 'X
END IF . : . - : S _

10 CONTNUE . . - - \_
‘ . DO 20 l=1,NPAR ‘ g o
. DO 20J=1,NPAR S .
20 SAVEMAT(IJ)=XMAT(1,J) o f ,‘ e
- CALL MATINV(SAVEMAT,NPAR, DMAT) o _ o B

DO 40'1=1,NPAR ¢ @ -

DO 30J=1,NPAR v ) _ " T

DO 30 K=1,NPAR .

IFW.EQNTHEN = A : S
NutwJ*(J+1)/2 «
. SAVEMATY, K)--A(N) o .
ELSE - Lo ;
SAVEMAT(, K):XMAT(J K) ’ : 5
. ENDIF . -
.30 - CONTINUE ' -
. CALL MATINV(SAVEMAT, NPAR DET) @ .
.40 EX(l)=((DET/DMAT*SQRT(SIGMAX()}+AVEX(l)+1.)/2.)* =

\

"11'7"



1 (XMAX(1)-XMIN()+XMIN()
DO S0I=1,NPAR
IF (EX()L.LT XMIN()).OR. (EX(l) GT.XMAX(I))) THEN
TYPE 60 \
WRITE(4,60)
GOTO 100
ENDF
50 = CONTNUE
‘60 FORMAT("- EXTREMUM IS NQT IN WINDOW.")
. WRITE(9,70)
 WRITE@4,70)
70 FORMAT(- EXTREMUM IS AT :)
DO 80 I=1,NPAR "
~ . WRITE(9,90) LEX() .
. 'WRITE(4,90) L,EX()

b

. 80 CONTINUE
90 FORMAT(5X,'X(,12,') = *, 1PE11 4)
100  CONTINUE :
- END
C

SUBRQUTINE 'fERMS(X Y, T.NPTS,NT, 'NEEP NPAR)
: DIMENSION X(28,100),Y(10,100),T(38, 100)
C. - LINEAR AND QUADRATIC TERMS :

DO 12 I=1,NPTS. . \
Ni=NPAR '

DO 12 Ja1,NPAR

T, )=X(J,)) ;
DO11 KaJNPAR 7

1 T(NI+K-J+1,)=X{J, )" X(K,I) -
12 Nl=NI+NPAR-J+1 | . ‘
C CUBIC TERMS WHEN LESS THAN 4 PARAMETERS
) IF (NPAR.LT.4). THEN
Ni=2*NPAR+(NPAR-1)"NPAR/2
_D® 13 |=1,NPTS | 0
T(NI+1,)=X(1,)**3 '
IF (NPAR.GT.1) THEN
T(NI+2,l)=X(2,1)*X(1,1)**2
T(NI+-3,1)=X(1,)*X(2,1)*2
T(NI+4,1)=X(2,1)**3
IF (NPAR.EQ.3) THEN . —
T(NI+5,)=X(3,)*X(1,1)**2
T{(NI+6,H=X(1,1y*X(3,1)**2
TN 7)=X@.) X212
" T(NI+8,1)=X(2,1)*X(3,1)**2
T(NI+9,H=X(1,1)"X(2,1)"X(3.1)
TNI+10,)=X(3,)™3
ENDIF
ENDIF -
13 CONTINUE
ENDIF
. DO 15 |=1,NPTS
DO 15 J=1,NDEP
15 . T(NT-NDEP+J,N)=Y(J,I) .
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FUNCTION FUNCTN(X,I,A,NPAR,NOD)

" DIMENSION X(28,100),A(28)

IF (NOD.EQ.3) THEN
FUmA(1)+A(2)*X(1.D+A(3)"X(1,)"*2+

© Ad)*X(1,1)*3+

A(5)"X(2, )+AMBY X(1.)* X(2.)+A(7)" X(2,1)*"2+
AB)*X(2, 1) N 2+A(8) X(1,1)* X(2,))**2+
A(10)°X(2, AB+A(11)"X(3,)+A(12)*X(1,1)*X(3,)+
A(13)°X(2,)*X(3,)+A(14)°X(3,1)*2+A(15)"X(3,))*

C X, l)"2+ﬂ(16)'X(1 *X(3,1)**2+A(17)"X(3,))*

X(2,1)*2+A(18)"X(2,1)*X(3,1)**2+ .
A(19)'X(1 *X(2,1)*X(3, I)+A(20)'X(3 ™3
ELSE

I (NODEQ2) THEN }

POV S QT (i G

FU=A(1) - o
DQ1 K=1, NPAR . .
DO 10 L=t,K+1 ' '
IF (L.EQ.1) THEN
XCs=1.
ELSE
XC=X(L-1,1)
END IF
Na(K+1)"K/2+L
FU-FU+A(N)'X(K,I)'XC
ELSE

IF (NOD.EQ.1) THEN
CFU=A(1).
DO 20-K=2,NPAR

FU=FU+A(K)*X(K, )

ELSE . '
FU=A(1)+A(2)°X(1,)+A(3)X(1, )"'2+A(4)‘X(2 )+
A(5)"X(1,1)*X(2, )+AB) X(2, 1) "2+A(7)*X(3,1)+
AB)*X(1,1)"X(3,)+A(9)" X(2, ) X@.)+A(10)°X(3,)""2+ -
A )X D)+A(2) XL XA D+A(13) K2, 1" X (4, 1)+
A(14)*X(3,1)°X(4,1)+A(15)*X(4,1)**2+A(16)*X(5, 1)+
A(I7)"X(1,1X(5.)wA(18)X(2,)"X(5,)+A(19)"X(3, I)'X(S )+
A(20)°X(4, 1" X(5,)}+A(21)*X(5,1)**2

END IF

ENDIF
ENDIF .
FUNCTN=FU
END

19
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120-
PROGRAM MAPPING
. APPLlCATlON .
: 2D MAP OF FUNCTION POLY .
. DEVELOPEDAT: X .
* LS| LOGIC, SANTA CLARA CA, 22/10/1 986 .
" BY: . .
. PHILIPPE SCHOENBORN .
. FROM: - .
* DEPARTMENT OF ELECTRICAL ENGINEERING : o
. THE UNIVERSITY OF ALBERTA S/
. EDMONTON, ALBERTA, CANADA .
MODEL COEFFICIENTS ARE FOR STANDARDIZED NORMALIZED
INDEPENDENT PARAMETERS AS OUTPUT BY FORTRAN PROGRAM LSIFIT.FOR
INPUT FILE MUST APPEAR AS IN THE FOLLOWING EXAMPLE :
INPUTEXAMPLE COMMENTS
3 o NPAR .
20 : NUWEROFMODEL COEFFICIENTS
Power (KWaltt)
Pressure (Torr) : PARAME'ER DESCRlpﬂoN
Helium flow (%) :
08 1.0 012 02 FIRST PARAMETER RANGE, STD DEV., AVERAGE
10 30 003 013 SECONDPAR. RANGE..ETC
00 , 0.5 0058 06
L2 NP O b —
. Etch rate (pm/min) - L
-1.2345E+01 - CQEFFICIENTS FROMLSIFIT...
Uniformity, (%) o v _ S (
0.567801 - : . . .
‘ \
DIMENSION A(10,38), R(20 4)
LOGICAL*4 QUIT.EFF* , . L
CHARACTER'16 ANAME . S
CHARACTER TEXT(20)*20 - a o a
- QUIT=FALSE. -, . PR
EFF=FALSE. : - * ‘
TYPE 1
~ FORMAT(- ENTER INPUT FILE NAME P
ACCEPT ANAME .
open(unit=3,status='old" file=ANAME)
~ READ(3,*) NPAR ' :
READ(3,) NTERMS ' o .

. DO 2 I=1,NPAR
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~ READ(3,10) TEXT()

DO 3 I=1,NPAR
READ(3,") R(!, 1) R(1,2),R(1,3),R(, 4)
READ(3,*) NDEP

. DOS I=1,NDEP

ooo

" SUBROUTINE PLOT2(A,NPAR R, QUIT EFF TEXT NDEP)

READ(s,w) TEXT(NPAR«+1) 4 .

DO 5 K1, NTERMS L. . °
read(3,") A(l,K) . )
continue '

CALL PLOT2(A, NPAR R,QUIT,EFF,TEXT, NDEP)

IF(EFF) GOTO 2. .

FORMAT(AZO)

. STOP

END

INCLUDE toolbx,

DIMENSION A(10,38 XX(ZO),R(20,4)

CHARACTER TEXT( 0)'20 .

INTEGERH,V

INTEGER*2 RECT(4),CADRE(4);MOUSELOC(2),BOARD(4),

COUNTER(4),LABRECT(4),HCNT(4),DHCNT(4),

' VERT(4), HOR(4), NEWMAP(4) UPON(4),LEVELS(4),
NIVEAU(4),HORIZ(4),NIVEL(4), MORE(4), SHADOW(4),
ERASE(4),LOW(4),STANDARD(4),HIGH(4)

'LOGICAL*4 BUTTONFLAG,UP,LEV,INCADRE MOREMAP SHADE, v

BASSE NORMALE HAUTE,CLEAR

INITIALIZATION

. DATA RECT /0,0,342,512/

DATA HCNT /3,322,16,350/
DATA DHCNT /3,410,16,489/ ;
CALL TOOLBX(SETRECT ,NEWMAP 4,4,57,18) °

* CALL TOOLBX(SETRECT,UPON,59,4,105,18)

CALL TOOLBX(SETRECT,LEVELS,107,4,154,18),
CALL TOOLBX(SETRECT,MORE,156,4,191,18)
CALL TOOLBX(SETRECT, SHADbW 193,4,232,18)

Ve

~ CALL TOOLBX(SETRECT,ERASE,234,4,298,18)

CALL TOOLBX(SETRECT,NIVEAU,30,8,80,16)
CALL TOOLBX(SETRECT,HORIZ,100,8,150,16)
CALL TOOLBX(SETRECT,LOW,101,6,135,18)
CALL TOOLBX(SETRECT,STANDARD, 136,6,201,18) .
CALL TOOLBX(SETRECT,HIGH,203,6,2¢2,18)
BOARD(1)=2 .

BOARD(2)=2 -

BOARD(3)=20

BOARD(4)=300

COUNTER(1)=2

CRUNTER(2)=302

COUNTER(3)=20

COUNTER(4)=490 .

- CALL toolbx(ERASERECT,RECT) -

“‘\. . ]
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DRAW BOARD AND COUNTER

CALL TOOLBX(FRAMERECT,BOARD)
BOARD(1)=3

BOARD(2)=3

BOARD(3)=19 -

BOARD(4)=299

CALL TOOLBX(FRAMERECT,COUNTER)  “'

 COUNTER(1)a3
~ COUNTER(2)=303

COUNTER(3)=19

COUNTER(4)=489 \ "

DEFINE WINDOW

H=20

V=16, .

CALL TOOLBX(ERASERECT BOARD)
CALL TOOLBX(ERASERECT,COUNTER)
CALL TOOLBX(MOVETOH,V)

TYPE 4

FORMAT(- DEFINE GRAPH SIZE)
H=310 :

CALL TOOLBX(MOVETOH,V)

TYPE 11

FORMAT('"H=',5X, V')

H=323 :

V=365
BUTTONFLAG=toolbx(BUTTON)

IF (NOT.BUTTONFLAG) GOTO 3 -
CALL toolbx(GETMOUSE,MOUSELOC)- -
NSY=INT(MOUSELOC(1)),

-NSX=INT(MOUSELOC(2)}
. CADRE(1)=MOUSELOC(1)

CADRE(2)=MOUSELOC(2)
CADRE(3)=MOUSELOC(1)
CADRE(4)=MOUSELOC(2)

WHILE (BUTTONFLAG)

CALL to0lbx(GETMOUSE; MOUSELOC)
CALL toolbx(ERASERECT,CADRE)
CALL TOOLBX(MOVETO,V,16)

TYPE 33,ABS(INT(MOUSELOC(1)-CADRE(1)))

CALL TOOLBX(MOVETO,H,16) 4
CALL TOOLBX(CLIPRECT,HCNT) °
TYPE 33,ABS(MOUSELOC(2)-CADRE(2))
CALL TOOLBX(CLIPRECT,RECT) .

IF (MOUSELOC(1)<CADRE(1)) THEN

CADRE(3)=CADRE(1)

CADRE(1)=MOUSELOC(1) LT
NSY=INT(MOUSELOC(1)) :
CADRE(3)=MOUSELOC(1)

I S I

[ &S]



* A

ENDIF
IF (MOUSELOC(2)<CADRE(2)) THEN
CADRE(4)=CADRE(2) -
* CADRE(2)=MOUSELOC(2)
NSX=INT(MOUSELOC(2))
ELSE 1
CADRE(4)=MOUSELOC(2)
ENDIF _
NWY.INT(CADRE)G)) ,
NWXa=INT(CADRE(4)) .
CALL toolbx(FRAMERECT,CADRE) . -
BUTTONFLAG=t00lbx(BUTTON)
REPEAT
33 FORMAT(113)
CALL TOOLBX(ERASERECT,BOARD)
CADRE(1)=CADRE(1)+1 ‘
CADRE(2)=CADRE(2)+1 - v
- CADRE(3)=CADRE(3)-1 -
CADRE(4)=CADRE(4)-1
NWP=NSX-NWX
NSX=MINO(NSX,NWX)
NWX=ABS(NWP)
NWP=NSY-NWY
NSY=MAXO(NSY,NWY)
NWY=ABS(NWP)
. WX=FLOAT(NWX)
WY=FLOAT(NWY).

@

. DEFINE LABEL RECTANGLES

OO0

VERT(1)aNSY-NWY-10
VERT(2)=NSX-44
VERT(3)=NSY
VERT(4)=NSX-4
HOR(1)=NSY
HOR(2)=NSX-8
HOR(3)=NSY+12
HOFI(4)-NSX+NWX-1 1

DEFINE PARAMErE?as AND PARAMETERS RANGE

000

CALL Toouaxwovem 20,16)
TYPE 555
555 FORMAT(- ENTER PA PARAMETER'S NUMBER)
H=NSX+NWX+10 - - ¢
VaNSY
CALL toolbx(MOVETOH V)
- TYPES -
5  FORMAT(X)
ACCEPT J
HaNSX+NWX-120-
CALL TOOLBX(MOVETOH NSY+25)
TYPE 21, TEXT(J)
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. 20
21

27

31
35

41

.......

H=NSX

VaNSY-NWY-2 -

CALL toolbx(MOVETO,H,V)

TYPE7 -

FORMAT(X) . ‘ t
ACCEPT | :
CALL TOOLBX(MOVETO,NSX+18,NSY-NWY-2)
TYPE 21, TEXT())

CALL TOOLBX(ERASERECT,BOARD)

CALL TOOLBX(MOVETO,20, 16)

TYPE 9~ '

FORMAT(- ENTéR VALUE OF FIXED PARAMETER')
NLINB=25' .

HeNSXa10

00 20 K=1,NPAR

* INK.EQ.l .OR. K.EQ.J) GOTO 20

NLINE=NLINE+10

CALL TOOLBX(MOVETOH NSY+NLlNE)
TYPE10K . ﬂ
FORMAT(' X',11,'=') ;

~ ACCBPT XX(K)

CALL TOOLBX(MOVETO,NSX+66 NSY+NLINE)
TYPE 21,TEXT(K)

XX(K)=(2.*(XX(K)-R(K, 1))/(h(K 2)-RK, 1)) -1. R(K 4))/R(K,3)
CONTINUE

FORMAT(A20)

CALL TOOLBX(ERASERECT,BOARD)

CALL TOOLBX(MOVETO,20,16)

TYPE 27

FORMAT(- ENTER HORIZ. LEFT BOUNDARY')
Hu=NSX-10

V=NSY+12 ,

 CALL1oobx(MOVETOH,V) = .

ACCEPT XXMIN y e _
CALL TOOLBX(ERASERECT,BOARD) = ° .
CALL TOOLBX(MOVETO,20,16).

TYPE31 . .

FOR NTER HORIZ RIGHT BOUNDARY')
H=NS X-10 L
V=NSY+12 : S K
CALL toolbx(MOVETO HV)e

ACCEPT XXMAX

IF(XXMAX.LT.XXMIN) GOTO 35

CALL TOOLBX(ERASERECT,BOARD)

CALL TOOLBX(MOVETO,20, 16)

TYPE 41 _

FORMAT(- ENTER VERT. BOTTOM BOUNDAR-Y‘)
H=NSX-30 , .

VaNSY . R

CALL toolbx(MOVETO,H,V) - -
CALL TOOLBX(CLIPRECT, VEHT)
ACCEPT XYMIN '

CALL TOOLBX(CLIPRECT,RECT)

o
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(e NcNe]

3R

222

CALL TOOLBX(ERASERECT,BOARD)
CALL TOOLBX(MOVETO,20,16)

TYPES1 / ‘
FORMAT(" ENTER VERT. TOP BOUNDARY')
H=NSX-30

VaNSY-NWY

CALL to0lbx(MOVETO,H,V)

CALL TOOLBX(CLIPRECT.VERT)

ACCEPT XYMAX

CALL TOOLBX(CLIPRECT,RECT)
IF(XYMAX.LT.XYMIN) GOTO 55

DEFINE LABELING

CALL TOOLBX(ERASERECT,BOARD)

CALL TOOLB{(MOVETO ,20,16)

YYPE 22

FORMAT (- DEFINE HORIZONTAL LABELING)
BUTTONFLAG=toolbx(BUTTON)

IF (NOT.BUTTONFLAG) GOTO 23

Ha395 '

Va1

CALL TOOLBX(MOVETO,H,V)

TYPE 231 .
FORMAT('DH=')

H=d16

LABRECT(1)=NSY

LABRECT(2)=NSX

LABRECT(3)=NSY+4
LABRECT(4)=NSX+NWX ,

WHILE (BUTTONFLAG) ,

'CALL TOOLBX(ERASERECY LABRECT)

CALL toolbx(GETMOUSE,MOUSELOC)

IF ((INT(MOUSELOC(2)).LT.(NSX+NWX)) .AMD.

(INT(MOUSELOC(2)).GT.NSX)) THEN

CALL TOPLBX(MOVETO,INT(MOUSELOC(2)),NSY)
CALL TOOLBX(LINETO, INT(MOUSELOC(2)).NSY+3)

CALL TOOLBX(MOVETO,H,V)
STEP=FLOAT((INT(MOUSELOC(2))-NSX))
STEP=STEP*(XXMAX-XXMIN)/WX
CALL TOOLBX(CLIPRECT,DHCNT) .
TYPE 222, STEP
CALL TOOLBX(CLIPRECT,RECT)
ELSE
GOTO 23 >

. ENDNF

BUTTONFLAG-toobe(BUTTON)

REPEAT

FORMAT(F7.4) ._

NSTEP=N INT(STEP/(XXMAX-XXMIN)'WX)
H=NSX

CALL TOOLBX(CLIPRECT, Hoﬁ)

DO 111 S=(XXMIN+STEP) E(XXMAX-STEP+'.1'STEP),STEP

125
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333

221
233

- 234

112

HuH+NSTEP ’ )

.CALL TOOLBX(MOVETO,H,NSY) *

CALL TOOLBX(LINETO,H,NSY+3)

CALL TOOLBX(MOVETO,H-20 NSY+12)
TYPE333,8 |

CALL TOOLBX(CLIPRECT RECT)
FORMAT(F8.2) *

CALL TOOLBX(ERASERECT BOARD)

CALL TOOLBX(MOVETO,20,186)

TYPE 221

FORMAT("- DEFINE VERTICAL LABELING')

'BUTTONFLAG=toolbx(BUTTON)

IF (NOT.BUTTONFLAG) GOTO 233

H=395 |

V=16

CALL TOOLBX(MOVETO,H,V) ot

TYPE 234

FORMAT('DV=")

CALLT X(ERASERECT,DHCNT)

H=416 ,

LABRECT(1)=NSY-NWY

LABRECT(2)=NSX-4

LABRECT(3)=NSY ‘

LABRECT(4)=NSX

WHILE (BUTTONFLAG)

CALL TOOLBX(ERASERECT,LABRECT)

CALL toolbx(GETMOUSE,MOUSELOC)

IF ((INT(MOUSELOC(1)).LT.NSY) .AND.

(INT(MOUSELOC(1)).GT.(NSY-NWY))) THEN

CALL TOOLBX(MOVETO,NSX,INT(MOUSELOC(1)))
CALL TOOLBX(LINETO,NSX-3,INT(MOUSELOC(1)j)
CALL TOOLBX(MOVETO;H,V)
STEP=FLOAT((NSY-INT(MOUSELOC(1 ))))
STEP=STEP*(XYMAX-XYMIN)WY
CALL TOOLBX(CLIPRECT,DHCNT)
TYPE 222,STEP
CALL TOOLBX(CLIPRECT,RECT).

ELSE . ;
GOTO 233

END IF ‘
BUTI’ONFLAG:toobe(BUT‘I‘ON) . )
REPEAT .

NSTEP-NINT(STEP/(XYMAX XYMIN)*WY)

V=NSY .-

DO 112 S=(XYMIN+STEP),(XYMAX-STEP+.1*STEP),STEP
V=V-NSTEP ,

CALL TOOLBX(MOVETO,NSX,V)

CALL TOOLBX(LINETO,NSX-3,V)

CALL TOOLBX(CLIPRECT,VERT)

CALL TOOLBX(MOVETO,NSX-44,V+3)

TYPE333S

CALL TOOLBX(CLIPRECT,RECT) )

CONTINUE

-

£33
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OO0

1050

SELECT DEPENDENT PARAMETER
CALL QELECT(BOARD,COU NTER,ND,NDEP,NPAR,TEXT)
NORMALIZING AND STANDARDIZINQ )

HMINOR=((2.*(XXMIN-R(J,1))/(R(J,2)-R(J,1))-1.)-R(J,4)/R(J,3)
HMAXORs((2.*(XXMAX-R(J, 1))/(R(J,2)-R(,1))-1.)-RJ,4))/R(J,3)
VMINOR=((2.*(RYMIN-R(1,1))}/(R(1,2)-R(l,1))-1.)-R(1.4)V/R(1,3)
VMAXOR=((2.*06YMAX-R({i, ))/(R(1,2)-R(1,1))-1.)-R(1,4))/R(,3)
DELH=(HMAXOR-HMINORYWX
DELV-(VMAXOR-VMINOR)NVY

GH@SEFESG.UTDN

CALL TOOLBX(ERASERECT,BOARD)

CALL TOOLBX(ERASERECT,COUNTER)

CALL TOQLBX(MOVE]‘O 20,16) '

TYPE 1050

FORMAT('RESOLUTION :'3X,LOW',3X,'STANDARD",3X,'HIGH")

CALL TOOLBX(FRAMERECT,LOW)

CALL TOOLBX(FRAMERECT,STANDARD)

CALL TOOLEX(FRAMERECT HIGH)

BASSE=.FALSE.

NORMALE = FALSE.

HAUTE=.FALSE.

BUTTONFLAG=.FALSE. - <

WHILE (NOT.((BASSE.OR NORMALE.OR.HAUTE)
_AND.BUTTONFLAG))

CALL TOOLBX(GETMOUSE,MOUSELOC)

BUTTONFLAG=TOOLBX(BUTTON)

BASSE=TOOLBX(PTINRECT,MOUSELOC,LOW)

NORMALE=TOOLBX(PTINRECT, MOUSELOC, STANDARD)

HAUTE=TOOLBX(PTINRECT, MOUSELOG, HIGH)

REPEAT

IF (BASSE) NSTEPH=3 |

. IF (NORMALE) NSTEPH=2

1100

IF (HAUTE) NSTEPHa1
BUTTONFLAG=TOOLBX(BUTTON)

'IF (BUTTONFLAG) GOTO 1100

~NSTEPVZNSTEPH

(o NeoNe]

DRAWING...

]

CALL DRAWING(BOARD,COUNTER,CADRE,RECT,
NPAR,ND, TEXT,XX,A,HMINOR,VMINOR, DELH,DELV,

NWX,NWY,NSX,NSY ,NSTEPH,NSTEPV,1,J)

CALL TOOLBX(ERASERECT,COUNTER)
CALL TOOLBX(ERASERECT,BOARD)
CALL TOOLBX(MOVETO,10,16)

127
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C
"EALL TOOLB;}QC\_PBECT BOARD)
TYPE 1200

120 FORMAT('NEW MAP',2X,'ADD ON',2X, LEVELS' 2X,
1 'MORE'2X,'SHADE' 4X,'CLEAR")
CALL TOOLBX(FRAMERECT NEWMAP) -
CALL TOOLBX(FRAMERECT,UPON) ‘
CALL TOOLBX(FRAMERECT,LEVELS) \
CALL TOOLBX(FRAMERECTMORE) 0
CALL TOOLBX(FRAMERECT,SHADOW)
CALL TOOLBX(FRAMERECT,ERASE)
CALL TOOLBX(CLIPRECT,RECT)
CALL TOOLBX(MOVETO0,320,1 6)
: TYPE 1210
1210 FORMAT(9X,'QUIT)
EFF=.FALSE. '
" UP=.FALSE.
LEV=.FALSE.
SHADE=.FALSE.
CLEARSFALSE. .
QUIT=.FALSE.
MOREMAP=.FALSE.
BUTTONFLAG=.FALSE.
WHILE (.NOT.((QUIT.OR.EFF).OR.(UP.OR. LEV.OR.
1 - MOREMAP.OR.SHADE.OR.CLEAR)))
UP=BUTTONFLAG.AND. TOOLBX(PTINRECT,MOUSELOC,UPON)
LEV=BUTTONFLAG.AND. TOOLBX(PTINRECT,MOUSELOC,LEVELS)
QUIT=BUTTONFLAG.AND.TOOLBX(PTINRECT,MOUSELOC,COUNTER)
EFF=BUTTONFLAG.AND.TOOLBX(PTINRECT, MOUSELOC,NEWMAP)
MOREMAP=BUTTONFLAG.AND. TOOLBX(PTINRECT, MOUSELOC,MORE)
SHADE=BUTTONFLAG.AND.TOOLBX(PTINRECT,MOUSELOC,SHADOW)
CLEAR=BUTTONFLAG.AND.TOOLBX(PTINRECT MOUSELOC,ERASE)
CALL TOOLBX(GETMOUSE,MOUSELOC)
BUTTONFLAG=TOOLBX(BUTTON)
REPEAT
1300 BUTTONFLAG=TOOLBX(BUTTON) Q
IF (BUTTONFLAG) GOTO 1300
IF (EFF.OR.QUIT) GO TO 2000
IF (MOREMAP) GOTO 2
IF (UP) GOTO 113
IF (SHADE) THEN
CALL SELECT(BOARD,COUNTER,ND,NDEP NPAR,TEXT)
CALL OMBRE(HMINOR,VMINOR,NSX,NSY,
1 CADRE,RECT,DELH,DELV,NWX,NWY,A,ND,NPAR,
1 TEXT,J,,XX,BOARD,COUNTER, HAUT".
GOTO1150
END IF ,
*IF (CLEAR) THEN
CALL TOOLBX(ERASERECT,CADRE) -
GOTO1150
, ENDIF




'C TYPELEVELS - o . ‘
*IF (LEV) THEN T
“CALL SELECT(BOARD,COUNTER,ND,NDEP, NPAR TEXI’)
CALLTOOLBX(ERASERECT COUNTER)
CALL Toouaxwovsro 320,16) ..
TYPE 1210 B ~ “
CALL TOOLBX(ERASERECT BOARD), -
- CALLTOOLBX(CLIPRECTBOARD) = *
 CALL TOOLBX(MOVETO,20, 19
. TYPE 1400, -
1400 FORMAT(Y='8X,X,!1,'= 10X, 1= :

. CALLTOOLBX(CUPRECTRECT). . R -
1402 BU'I'I'ONFLAG-T%OLBX(BUTI’ON) o o L ‘ -
. IF (BUTTONFLAG) GOTO 1402 L - oo ‘
‘1403 CALL TOOLBX(GETMOUSE,MOUSELOC) o B
' ‘BUTTONFLAG=TOOLBX(BUTTON) . . - _ , “

- INCADRE=TOOLBX(PTINRECT, MOUSELOC CADRE) .
 QUITaTOOLBX(PTINRECT MOUSELOC,COUNTERY R ‘
IF (NOT:((BUTTONFLAG. AND INCADRE).OR.QUIT)) GOTO1403 R C

© WHILE (BUTTQNFLAG AND. (INCADRE OR.QUIT)
 XX(J)=FLOAT(INT(MOUSELOC(2))-NSX) - |
© XX(J)=HMINOR+XX(J)'(HMAXOR-HMINORYWX .3’

XX(I)-FLOAT(NSY~INT(MOUSELOC(1))) L E ,A ot

"GALL Toouaxwovero NIVEAU(1) 16) : D o
CALL TQOLBX(CLIPRECT, NIVEAU) - ‘ ]
TYPE1500,Y.
CAlJ. TOOLBX(MOVETO,HORIZ(1), 16)
- 'CALL TOOLBX(CLIPRECT HORZ) '
TYPE1500 ((XX(J)'R(J 3)+R(J,4)+1 ya: (R(J 2)- R(J1))+R(J 1)) ¢
..~ CALLTOOLBX(MOVETO,195,16) - o
CALL TOOLBX(CLIPRECT,BOARD) o i ~
TYPE 1500,((XX(1)*R(1,3)+R({;4)+1.)/2.*(R(, 2) R(I 1))+R(| 1 ) >
CALL TOOLBX(CLIPRECT,RECT) o
CALL TOOLBX(GETMOUSE MOUSELOC) -
BUTTONFLAG=TOOLBX(BUTTON) - - o :
- INCADRE=TOOLBX(PTINRECT,MOUSELOC CADRE) E .
‘QUIT=TOOLBX(PTINRECT, MOUSELOC COUNTER) Cooen
REPEAT o , T

IF (QUIT AND TOOLBX(BU‘ITON)) THEN

, ' CALL TOOLBX(ERASERECT,BOARD)

¢ »  CALLTOOLBX(MOVETO,20, 16) .

- . TYPEM180 Y ‘ s

1180 - FORMAT(HIT CROR CNTR- SHIFT—4/3') | - : _—
‘CALL TOOLBX(ERASERECT, COUNTER) Coe o W
CALL TOOLBX(MOVETO,320,16) (R S ; R . i
- CALL TOOLBX(CLIPRECT,COUNTER)
- TYPE 1450, TEXT(NPAR+ND)
CALL TOOLBX(CLIPRECT RECT)

v

» . R o . g ) . 3



1450 FORMAT(A20) - -
PAUSE® = , ~ . L
. GOTO 1150 T L
P " ELSE - oo o
‘ IF (INCADRE) THEN ; ) R _ =
. . H=INT(MOUSELOC(2)-7) SR - , e
V=INT(MOUSELOC(1)) - } ‘ -
. CALL TOOLBX(MOVETOH,V) v
NIVEL(1)=MAX(V-8,NSY-NWY+1)
NIVEL(2)=MAX(H-7,NSX+1)
'NIVEL(3)=MIN(V,NSY)
. NIVEL(4)=MIN(H+24,NSX+NWX-1)
CALL TOOLBX(CLIPRECTNIVEL) -
. IF (Y.LT.0) THEN _
- 'CALL TOOLBX(MOVETO,H-7V)
o JYPE
ENDIF . : , | _
' CALL TOOLBX(MOVETOH,V) B ,a ST
IF (ABS(Y). LT9995)THEN. . ; T ‘
= TYPE 1501 ABS(Y) -. ~ :
- ELSE
TYPE 1502 ABS(Y) ‘ - L
ENDIF . z P : ' *
IF (ABS(Y).LT.0.995) THEN L i
CALLTOOLBX(MOVETOH v} L *

1501 FORMAT(FM?)
1502 FORMAT(FA.1) -

5 _GoTot408 ., LTS e
- _ ENDF ' ‘

END TYPE LEVELS g

- DRAWING...

SUBROUTINE DRAWING(BOARD,COUNTER,CADRE,RECT,
NPAR,ND,TEXT,XX,A,HMINOR,VMINOR, DELH,DELYV, - _
Do 1 NWXNWY,NSX,NSY,NSTEPHNSTEPY,L,J) - s
~ .. - INCLUDE TOOLBXPAR : ‘

%, DIMENSION A(10, 38),XX(20),W(350,250) B
q .+ CHARACTER TEXT(20)*20 . ' .

i INTEGER*2 BOARD(4) COUNTER(4) CADRE(4) REOT(4),
TR _MOUSELOC(Z) 4

e : . §

oy



INTEGERHV

LOGICAL*4 BUTTONFLAG . o ,

- CALL TOOLBX(ERASERECT,BOARD) — o - -

CALL TOOLBX(ERASERECT,COUNTER) _ .

CALL Toouaxwovero 320,16) .

" TYPE 1210 .
1210 FORMAT(9X,QUIT) _
. CST=100./FLOAT(NWX+NSTEPV)
‘CALL TOOLBX(MOVETO,20,16)
. TYPE 'REMAINING... |
DO 110 Ha1,NWX+NSTEPH,NSTEPH
- XHaH; XX(J)=HMINOR+XH*DELH
DO 100 Va1 ,NWY+NSTEPV,NSTEPV
‘ L XVaV: XX()=VMINOR+XV*DELV =~ S
100 ‘W(H,V)=POLY(XX,AND) v

CALL TOOLBX(MOVETO,100,16) :

TYPE 120;INT(100.-XH*CST)

CALL TOOLBX(GETMOUSE,MOUSELOC)

IF (TOOLBX(BUTTON).AND. TOOLBX(PTINRECT, MOUSELOC,

1 COUNTER)) THEN
950 + BUTTONFLAG=TOOLBX(BUTTON)
IF (BUTTONFLAG) Gomrsso - T
" GOTO 1150 T s
~ ENDF R . ,
w110 CONTINUE S " .
120 . FORMAT(I3,%") S ‘ .
130  CALL TOOLBX(ERASERECT,/30ARD) .
CALL TOOLBX(ERASERECT, COUNTER) , . o
. He20 : . .

V=16 ‘ ’

CALL TOOLBX(MOVETO H.V)

TYPE1 , , -

1 FORMAT('DY=") o : ; by
. ACCEPTYINC . .ot g s
CALL TOOLBX(ERASERECT,BOARD) : .
CALL TOOLBX(MOVETO0,20,16) - .
.TYPE 21, TEXT(NPAR+ND) - \ e :
21 FORMAT(A20) S e o
" YINC=ABS(YINC) . I AR :
CALL TOOLBX(CLIPRECT,CADRE) '

DO 1000 H=1+NSTEPH,NWX,NSTEPH .

DO 900 V=1+NSTEPV,NWY,NSTEPV - ‘ o

DELTAYV=ABS((W(H,V+NSTEPV V-NST PVASE .

DELTAYH=ABS((W(H+NSTEPH-W{H-NSTE HV))/4) '

- UMOD=ABS(MOD(W(H,V),YI L
UMOD=MIN(UNIOD, YINC-U
I ) IF (UMODLE. DELTAY\a OR. (umoo LE. DELTAYH)) THEN

" NH=NSX+H o
NVaNSY-V._ - . o o : e

_‘ CALLT63_L/BX(MOVETONH NV) # Lk
~ CALL TOOLBX(LINETO,NH,NV) R o @ (W

4/1'\5

i)

ENDIF |
"CONTINUE | . 3




1000

C 1110

. TYPE 1130, TEXT(NPAR«ND) =3 .

1130
1150

C
Cc
c

21

800 °

-

CONTINUE

CALL TOOLBX(CLIPRECT,RECT)

CALL TOOLBX(ERASERECT,BOARD) .
CALL TOOLBX(MOVETO,20,16)

TYPE - WHERE PRINT LEGEND' .
BUTTONFLAG=TOOLBX(BUTTON)

IF (NOT.BUTTONFLAG) GOTO 1110
CALL TOOLBX(GETMOUSE,MOUSELOC)
H=MOUSELOC(2) ; V=MOUSELOC(1)
CALL TOOLBX(MOVETOH,V)

FORMAT(A20) .
CALL TOOLBX(CLIPRECT!RECT) -
END : :

SELECT DEPENDENT PARANETER

SUBROUTINE SELECT(BOARD,COUNTER, No NDEP NPAR JEXT)
..INCLUDE TOOLBXPAR
“ INTEGER'2 BOARD(4), COUNTER(4), MOUSELOC(Z)
CHARACTER TEXT(20)*20
LOGICAL*44NCADRE,OK BUTTONFLAG
CALL QOLBX(ERASERECT, BOARD)
BX(ERASERECT,COUNTER)
LBX(MOVETO 320,16) -

oK _ - .
OOLBX(MOVETO 20,16) , ‘ o

'PE 21 TEXT(NPAR+ND) ' -
DKk FALSE. : : .
BUTTONFLAG=. FALSE
FORMAT(A20)
'WHILE (.NOT.OK) ]
'CALL TOOLBX(GETMOUSE,MOUSELOC) - -
INCADRE=TOOLBX(PTINRECT, MOUSELOC,BOARD)
IF (BUTTQNFLAG.AND.INCADRE) THEN .

' CALL TOOLBX(ERASERECT,BOARD)

ND=ND+1 ; '

IF (ND:GT.NDEP) ND=1 ‘

CALL TOOLBX(MOVETO,20,16)

TYPE 21, TEXT(NPAR+ND) .
BUTTONFLAG=TOOLBX(BUTTON)

"' IF (BUTTONFLAG) GOTO 800

ENDIF

BUTI'ONFLAG-TOOLBX(BUTTON)

OK=BUTTONFLAG.AND. TOOLBX(PT INRECT, MOUSELOC COUNTER)
REPEAT ’

END

SHADE SELECTED AREA ‘ )

SUBROUTINE OMBRE(HMINOR VMINOR NSX NSY,
CADRE,RECT, DELH,DELV,NWX,NWY,A,ND;NPAR,




1° TEXT,J,1,XX,BOARD,COUNTER HIRES)
INCLUDE TOOLBX.PAR o o ) .
DIMENSION A(10,38), XX(20) ' : c
CHARACTER TEXT(20)*20 .
INTEGERHV .
INTEGER*2 BOARD(4) ,CADRE(4), nscm) MOUSELOC(2)
LOGICAL*4 HIRES :
IF (HIRES) THEN' "
" NSTEP=1 N
ELSE , : - Lo
NSTEP=2 : \ : -
END IF - . :
- CALL TOOLBX(ERASERECT BOARD) ‘ ' ,
CALL TOOLBX(ERASERECT,COUNTER) o
CALL TOOLBX(MOVETO,20,16)
TYPE 10, TEXT(NPAR+ND)
10°  FORMAT(A20,' <")
- ACCEPT YSUP
CALL TOOLBX(ERASERECT,BOARD)
CALL TOOLBX(MOVETO,20,16) o .
TYPE 20, TEXT(NPAR+ND) " ‘ . ¥
20 FORMAT(A20,'>") - ) . i
,. ACCEPT YINF - . T
CALL TOOLBX(ERASERECT,BOARD) - . S
CALL TOOLBX(CLIPRECT,BOARD) ' _
CALL TOOLBX(MOVETO,20,16) g \
- TYPE 30,YINF, TEXT(NPAR+ND),YSUP o .
30 FORMAT(F6.2,' <',A20,'<"F6.2) : e : ,
. CALL TOOLBX(CLIPRECT,CADRE) o .
'CALL TOOLBX(PENMODE,10) - ' : e
DO 100 H=1,NWX,NSTEP - o
XH=FLOAT(H) ; .
XX(J)=HMINOR+XH*DELH
DO 80 Vm1,NWY,NSTEP
 XV=FLOAT(V) . :
" XX(1)sVMINOR+XV*DELV' . -
Y=POLY(XX,AND) -
IF ((Y.LT: YSUP) AND.(Y. GTYINF)) THEN
NH=NSX+H
NV=NSY-V, :
CALL TOOLBX(MOVETO.NH NV)
CALL TOOLBX(LINETO,NH,NV)
. ENDF -
80  CONTINUE
100 CONTINUE :
- CALL TOOLBX(PENMODE,8) , :
CALL TOOLBX(CLIPRECT,RECT) , : : » ..
CALL TOOLBX(ERASERECT,BOARD) - - = . - S
CALL TOOLBX(MOVETO,20,16) ' . _
'TYPE - WHERE PRINT LEGEND' f
1110 BUTTONFLAG=TOOLBX(BUTTON) .
' IF (NOT.BUTTONFLAG) GOTO 1110
CALL TOOLBX(GETMOUSE,MOUSELOC)

P



1130

H=MOUSELOC(2) ; VaMOUSELOG(1)

CALL TOOLBX(MOVETOH,V) .

TYPE 1130,YINF, TEXT(NPAR+ND),YSUP
FORMAT(F8.2,' < ',A20,'< " F8.2) R

"END

' FUNCTION POLY(X,A,ND)

"~ DIMENSION A(10,38),X(20) .

0000000.00000000000

— ek

-

0000000

THIRD ORDER POLYNOMIAL
ONE, TWO, THREE PARAMETERS

FU=A(ND, 1)+A(ND, 2)'X(1)+A(ND 3)"X(! 2
A(ND,4)*X(1)"*3+
A(ND,5)*X(2)+A(ND, 6)'9((1LX(2)+A(ND 7y X(2)*2+

_A(ND,8)*X(2)"X(1)**2+A(ND,9)"X(1)*X(2)**2+

A(ND,10)*X(2)**3+A(ND,11)*X(3)+A(ND,12)* X(1)"X(3)+
A(ND, 13}X(2)°X(3)+A(ND,14)°X(3)**2+ A(ND, 15)"X(3)"
X(1 )"2+A(ND 16)"X(1)"X(3)**2+A(ND, 17)'X(3) '
X(2)**2+A(ND, 18)*X(2)* X(3)**2+

A(ND,19)*X(1)*X(2)"X(3)+A(ND,20)*X(3)**3

SECONDORDERPOLYNOMAL -~ . -
ONE, TWO, THREE,FOUR FIVE,SIX PARAMETERS

FU=A(ND, 1)+A(ND,2)*X(1)+A(ND,3)*X(1)"*2
+A(ND,4)"X(2)+

-A(ND, 5)'X(1)'X(2)+A(ND 6)‘X(2)"2+A(ND 7)*X(3)+

A(ND,8)*X(1)*X(3)+A(ND,9)*X(2)*X(3)+A(ND,10)*X(3)**2
+A(ND,11)*X(4)+A(ND,12)*X(1 )'X(4)+A(ND 13)*X(2)*X(4)+

1 A(ND,14)*X(3)*X(4)+A(ND, 15)*X(4)**2

+A(ND, 16)"X(5)+A(ND, 17)*X(1)*X(S)}+A(ND, 18)"X(2)*X(5)+
A(ND,19)X(3)*X(5)+A(ND,20)*X(4)*X(5)+A(ND,21)*X(5)*2
+A(ND,22)*X(6)+A(ND,23)"X(1)*X(6)+A(ND,24)"X(2)X(6)
+A(ND,25)"X(3)"X(6)+A(ND,26)" X(4)*X(6)

+A(ND,27)*X{5)* X(6)+A(ND, 28)"X(6)""2

POLY-FU =

END
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The characterization of plasma etching processes using t‘he'Response Surface

Methodology (RSM) is described step by step from the formatting of input data to the output
of resuits. Fortran programs LSIFIT for fitting .of designed experimental obsarvations ‘and
MAPPING for displaying contour plots of response surfaces are described. Both programs run

. on Macintosh 512K. LSIFIT needs only minor modifications to run on any computer that

supports fortran. The purpose of this work is to provide the process engineer with a tool that
allows optimization and characterization of any processes involving severgl independent
process parameters which can be varied continuously and which have a continuous effect on
~all observed responses. It is explained how to get a minimal mathematical model for the
process under consideration (usually a polynomial). Criteria for thg validity of the model are
proposed -Once a suitable model has been obtained for a particular process, recharacterization .

of this prooc®ss, 'if necessary, will require only mlntmum effort and time. Demonstration of -

the use of RSM is made with regard to plasma etching with a LAM 590. The present-document,
however, does not deal with the ‘physics or the chemistry of such processes.
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‘ 1) Introduction ‘ o ) ‘ ! Y
Let us consider plasma etching of sllicon dioxide (SiOy) in a CF4-He plasma using thq_LAM e

590 The proceas parameters are : power, pressure, helium flow rate, freon 14 flow rate,
electrode spacing ‘and temperature. Since. the chamber temperature is not a parameter that
can be accurately controlled and as it is believed that.its impact on the process is weak, It is
eliminated of our model. The total flow of freon and hglium is deliberately fixed at 200 sccm
while the gap is held at 0.35 ¢m. This leaves us vyx hree independent parametars power,
pressure, percentage of helium. '

Two ré?;:onses are investigated, SiOo etch rate and uniformity of etch. Let us'say that the

uniformity should be +5% or less and the etch rate as high as possible. What configurations of
@ower, pressure and He flow meet those speciﬁcations ?.

If one\Qas absolutely no Iidea about where to start in the parameter space
(three—dimens:bngl in this example) one can use an optimizatlon technique such gs SIMPLEX.
This method will be ‘shortly described later. Provided the target is well defined, as we, did
above, SIMPLEX guides the experimenter toward the goal, no matter where he starts almost. -
If the experimenter decides after all to change slightly his target, he has to continue the
search. Often a process is known but if for some reason a tesponse drifts out of specification .
it can be very long to tweak the process biindly until a-suitable response is obtained. In both

. cases lt is desirable to know -how a response is affected by the charige of one parameter or
more. When no physical model exisis the only way- to get this information is to rely on
experiments. '

-«

2) smtistiés

i) ‘Mathematical model S ' o
The expenmental characterization of physucal or cheqical roce‘sses requnres however.
some precaution. We Want to get a response function-; as ?éal as possible but requiring a
_ minimum of experiments otherwise it would have the same-inconveniences as a SIMPLEX or a
- random search. A least-squares fit with a polynomlal function can solve our.problem. For

instance : . ' 7
etch rate .:
)’1 = 31 + a2X1 + a3X1 + a4X2+ 85X1X2+ a6X2 + a7X3+ a8X1 X3+ a9X2X3+ 81 oX3
Y1.a1+ Za]T j=2,...,10, ’
unlformlty o ‘

where y1 the etch rate and y2 the umformlty are functions of power X1. pressure X, and
helium percentage Xg4. Model terms Tj are combinations of independent parameters. The model
. coefficients ay,....a;9 and by,....by 5 must now be determined. Since there are 10 coefficients
in this model we need at'least' 10 experimental points Y1i.Y2| i=1,...,10 corresponding tga0.
diff?r:n;f combinations of.'X1'i, X2i' X3i. LSIFIT calculates the a's and b's such that 'Z(Yﬁg
is minimum. The X] j=1,2,3 ; i=t,...,10 MUST be chosen adequately. In other words the
experiment must be designed in order to mmlmlze mtercorrelatlona betwaen Xqy: X, X3 The
mtercorrelation (also called simply corralctlon or covariance) : . “ “



r]k-Z(T" Aj)(Tki Ak)/(V’Vk)”2 measures the amount comprised between -1 and +1- by
which two model terms Tl' Tk are dependent to each other. A] and Vj denote respectivey the
average and variance of model term Tj When two terms are perfectly correlated (rjk-ﬂ)
their effect on the response -cannot be distinguished Furthermore, a nth order polynomial
requires dependent parameters having at ieast n+1 levels.

There are many kinds of design that meet those conditions. The Box Behnken deS|gn is
‘one of them [1] In our example it could be as follows :

‘.

+ a50 W 25T 37.5%
0 900 2.0 25 )
- . 850 - 1.5 12.5
1 + + ’ 0
-2 + - 0
"3 - + 0
4 - 0
5 + 0 o+
6 + 0 - s
7 0 +
8 - 0 -
‘ 9 N 0 + +
10 0 + -
' 11 0 - +
12 0 - -
13 0 0

+ denotes the upper level, - the lower level and 0 the mtermedlate Ievel + and - are at equal
distance from the intermediate |evei
L]
i) Experimental error ‘ ‘
Sources of errors occur everywhere. In our example uncertainty is associated with film
thickness measurement which itself splits into two parts. The intrinsic inacduracy of the
Nanoepec contributes for one’part. The etch rate is basically the difference between the film

thickness before and after etching. When unpatterned wafers are used those measurements

may not be done exactly at'the same place which accounts for the second part. The etcher
itself controls the. parameters within some uncertainty. Last but not least, process
- repeatability is not perfect. To be consistent one would like to accoun} for all those sources of

errors in a simple and experimental mannrer. This is achieved by replicating. several times the

central point (X;=900 W, X»=2.0 Torr, X3=25%). The experimental error associated to

response Yk is calculated according to :
Ey = ):(Yk'-Ykl) /(2m)
where i,j i%j are all pairs of replicates and m is thelr number.

iii) Parameter range .
The range over which a parameter is varied myst be determmed so that the response at +

or - levels is different from the response at the center point by far more than the

experimental error. 10 timés more is a reasonable figure. On the other hand, the larger the
range the higher must be the order of the polynomial. A trade-off must be found depending on

3 -
o
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.your specific goal. Measuring the response lor four valuss of the most important parameter, .

if known, may help determine a suitable order of polynomial. If the curvature of the response
seams monotonic (concave or convex only) go for a second order polynomial, if the curvature
seems to have an inflection point (concave to convex) a third order fit is required.

iv)Least-equares fit

It is not the purpose of this document to expose the theory of least-squares fitting. If you
wish to know more about that please refer to reference [2] from which LSIFIT's algorithm has
been taken.

As mentioned earller 2’ model with p lerms requires at least p experiments. Practically p
experlmerﬁal points would yield a perfect but. uepally unrealistic fit. The experimenter must
" collect at least p+1 points not counting replicated paints. The central point should )

replicated at least twice. LSIFIT calculates the model coefficients in- such a way as to’

minimize the square of-the res:duals belween the” observed response Y; and its fitted function
Yi ) .
The value to minimize is referred to_as chi- -square : . , ‘
. . X"' T ye¥? eten
N .
.where n is the number of experlments X is a function of aII model coefficients in a
$—d|men!ional space. One can write : - 2 (Y Y32 .Y (y,Y)2 + 2 Yy yl)2 j=1,...,n
where Y = 3 %/n is the average of Y. The quantity on the left hand side of this equation is

- obvnously determined by the experiment. Summation on the left ol the r|ght l;[(! side is call\a‘/

"the regression sum of squares Sreg and the remaining 'sum is just the residual sum of squaree

X'2. Thus, minimizing X2 increases Sreg at the same time. A useful liéure to evaluate the

validity of the fit is to take the ratio between those two quantities F-(S /X y(n- p)/(p 1)

where p is the number of model coefﬂclents and n the number of experlmental observations.
This ratio is referred to as the F-rafio because it is the ratio of two variances obeying -a
normal law. The larger the F-ratio the better the fit. The F-ratio follows the Fisher- Snedecor
distribution _l(p.n,p.d,L) tabulated in most statistical texts. The f law is a function of the

number of degree of freedom of the numerator 'S‘reg with p-1 degtee of freedom - and of the

denominator X with n-p degree of freedom (d.f.) - it is also a luncllon ol the probability L
that’ S /(p-l) > X /(n-p) is statistically true. One says that F has a Ievel of. confidence L

i F>l(p-1 n-p,L). Typically one nxes the level of confidence at 90%,—/95%, 99% or more. If

F<f(p-1,n-p,l.} the model is insufficient and either the number of model terms or the number
of experiments must be increased. A F-ratio showing statistical significance does not

"necessarily mean that the fit is good though. Reference (3] gwee another criterion for judglng .

the quality of the fit. The critical F-ratio, they say, is :

Fo~ (1+‘g°2)-‘ (Bonpl) - Bo=(p-1)(1+go2)2/(1+20,%)
' where g,=2,3,4,... is chosen by the experimenter. In aII cases F >4f should be satisfied.
The residual sum of squares splits into pure’ error E, as discussed above and lack .of fit.

.‘As said earlier, LSIFIT calculates E for all pairs of repllcated points but the program displays’

4
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the ad]ustod error sum of squares Er corresponding to N degrejs';bf freedom where n, is
the number of replicated poims -not counting the original say- Er = E'm‘n,-. Thus
(n- p)-nr+n| , whére n is the number of d.f. associated wnth the lack of fit L Xz E

The F- ratio of lack of fit to pure error F -L n,/(E ny) indicates to what extent pure error

participates in the residual sum of squares. F,.>f(n|,nr,L) must be satisfied.

The adjusted R2 is defined as : R2 = 1- X2(p4)/((Srag+X )(n-p)) . R2 takes
values between O and 1. A perfect fit has an adjusted R2 value of 1.0 in which case the model
accounts for all variations in the data. LSIFIT dlsplaye R2 with only two decimals. A value of
1.00 may occur. it has been observed that an RZ > 0.95 Indicates g-good fit in terms of
predicted responses. Assuming that the critical F-ratio must satisfy (at worse) :

F = 4f(p-tnpl) = Smg/Xz- (n-p)/(p-1)

one gete

» Sr 0" 4f(p-1) X /(n-p) , mtroducing S in R2-0 95 and assuming (n- p)/(p 1)«200

yields f~50. To insure a good flt in terms of dredictlons avmnimum figure for t[le crltlcal )

F.ratio is then f=50, no matter what. fit.

Since the number of data points exceeds the number of model coefficients, gettmg a
- perfect fit is very unlikely. Practically there is always some lack of fit.
To each model coefficient can be associated a standagd error which is derived from the
_ last - increment on the coefficient. The square of the ratio of a coefficient to its standard error
is just the F-ratio associated to this model term with' 1 and (p-1) degrees of freedom Thls
F-ratio is often referred to as "partial” F-ratio or decremental F-ratio.

Fdi - (allAai) > Hp-1,1,L) i=2,...,p :
The partla.l F-ratio can be expressed as : .
Fg= (p-1) (X2 X2)/ X? i=2,....p

ith

where X 2- is the residual sum of squares that would be obtained if the i model terms was

dropped out. The partial ‘F-ratio gives therefore the statistical lmportance of each model

terms. A partial F-ratio below its critical value may indicate a lack of data points. Otherwise
model terms with small F-ratios can be dropped out of the model thus.reducing the number of

experiments ‘needed for further characterizations of the process under consideration.
LSIFIT proceeds by successive iteration of the leést-squares fit subroutine named CURFIT

"[2), until the relative variation of X2 becomes smaller.than a value chosen by the user. When

" the required relative accuracy on X2 is too small, the coefficients standard errors go to

zero and the partial F- ratios are. undefined. In that case, a larger relative accuracy value
must be used. » ¥ .

v) Welqhted least-squares fit

LSIFIT can perform weighted leasi-squares fits. That is the response to be fitted can be
assigned a statistical weight. Every data point has its own weight. Briefly said, a data point
having a high weighting vaiue will be seen by CURFIT as more significant than a data point with
a small weighting value. As a result one expects smaller reslduals on data points with large
weights. ' o

s e
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cription given here. For example, if successive measuremenis’/of the response for a
ific set*of operating conditions yield a Gaussian distribution, the peak value will be fitted
* with a weight of 1’Sd2 where S is the standard deviation. In LSIFIT this weighting mode is

referred to as Instrumental. If the experiment consists of counting the number of times
certain event occur within a time interval, the response y; Will probably obey a Poisson

distribution. Under the assumption that the shape of the individual poisson distributions can be.
approximated by Gaussian distributions with Sd2 = y; , LSIFIT assigns the mean observation

The true statistical meaning of weighting is somehow more pr;\to‘u]d than the picturesque

y;a weight 1/y|2 This weighting mode is referred to as stafistical.

Let us now see how weighting data can be useful in characterizing plasme etching
processes. The etch rate is usually the average of 5 -4" wafers--or 9 -5" wafers- actual
etch rates measured at different iocations on the wafer. Multiple polnts measurements are
made in order to derive the uniformity of eteh defined as
U = (Maximum etch rate - Minimum etch rate)/(Maxlmum etch rate + Minimum etch rate).
Since the etch rate must be within a -specified uniformity, we would iike to get good
predictions on the etch rates where the uniformity is low. For instance,. It is not necessary
predicting- an average etch rate of 4000 A/min while. the "observed" average etch rate is
4100 A/min, which leaves us a residual of 100 A/min, if the minimum and maximum
measured etch rates are 2000 A/min and 5000 A/min. We would prefer the program to
concentrate its efforts on predicting well regions with low uniformity of etch.

It is achieved by assigning the average eich rate an instrumental weight 1/Sd . Where S

. is the standard deviation of etch rates on the wafer. Note that THIS PROCEDURE IS NOT
MATHEMATICALLY JUSTIFIED since etch rates are obviously NNOT “gaussianly”
distributed around their average value. The only justification is that it does just what one
expects it to do as shown by comparisons between mstrumentally weighted and non weighted
etch rate fits.
vi) Residuals

Residuals (y; -Y;) should be plotted versus Y; . Residuals should be evenly scattered with

respect to the zero axis. An insufficient number of- model terms may lead to unevenly
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distributed residuals. Résiduals should also be evenly distributed along the Y axis. to make,

sure that observed responses cover evenly the range over which the responses vary.
LSIFIT aiso gives the relative residuals fyi -Yj)/Y; which indicate the true accuracy of

the fit. With regard to plasma- etching, etch-rate fits which relative residuals would ail be
smaller than the corresponding uniformities would be judged as excellent and representative.
However, a relative residual greater than the borresponding‘ uniformity does not - always
indicate that the data point is badly fitted.

The final decision is left to the experimenter who decides what a fair fit Is depending on
the circumstances. Under operating conditions that do_not etch, for example, one might get an
average etch rate of -20 A/min, 2% uniformity and ‘predict 40 A/min. The relative residual
is -3.0 (300% versus 2%) but practically speaking the prediction would still be correct. Now
if the same absolute residual 60 A/min was obtained for an observed 6000 A/min t 5%
repeatedly measured under other conditions (6060 Almln predicted say), the relative
residual would only be 1% < 5% .

Let us say that n observed etch rates y; have uniformities u; i-1,...,n . Defining {y} as the

set of data points which relalive residuals are smaller than their corresponding uniformity u;

—

and {u} the set of data points which uniformities are smailer than a critical value u, one can - "

write :

>
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{yhy= Vil |3 -Yjl <y othegwise  {y}; = 0 ; %,
T ful et uj<u otherwise  {u}; = O foralli=1,..n ‘

one can define : .
o= (Z @t )Xy ). G o= (X 0-yy )&{(Z ()}

where the summation is made for i-i,...,n. Ideally g, and G should be zero. Denoting N the

symbolic operator that retums the number of elements of a set of data points, and using logic
statements one can also write : :

. oy=N(w anoNoTiy)) / N ano i) G = N(notiyy Ny

To calculate g, firstly eliminate all data points which uniformity is greater than u. Then

take the ratio of the number of all remaining data points which reiative residual is greater;
than their uniformity to the number of points which relative re&dual Is smaller than their

uniformity. To calculate G perform the same calculation but keeping all data pomts regardless

of their uniformity g, and G are therefore the ratios of the number of bad e%matlons to the .

number of good estimations. g,, and QG ratios of a reasonably good. yet not excellent fit, may

be greatly improved using a weighted fit. SN L

vu) Input data transformations h - - ST
LSIFIT automatically normalizes and ‘standardizes the mput coordinates Xy;. Thesg  _

t(gnsformations are made in order to save computer time. Fl_rstly, the Xk ‘s are normalized fo .

the range {-1,+1] :

w

xkl -.2.0 * (Xkl - mm(Xk' ,i-1....,n))/(max(in ,i-1,....n) - mln(in ,i-1,...,n)) - 1.0

o d varianee : ’ Er R L
then calculating,A, and V) average and variance of parameter x, , the x's are standalrdizé&;,;g SO
Xk = (xy - Ak)/Vk”z j=1;....n

A designed experiment has Ay = 0.0 k=1,.. ,NPAR. Where NPAR is the number of
independent parameters. The A/'s and V's are the traqsfonhation coefficients.



[ ]
3) Dasign of experiments |

Designs currently found in textbooks are given for ‘second order polynomials with 2,3,4,5

and 6 independent parameters as well ag for third order polynomiais with 2 and 3 parameters.
Unless otherwise specified, avera?ln)c;' yarfances are those of normalized and standardized
parameters.

A) Second order polynomial (quadratic model)
i) 2 independent parameters X,, Xy

response function : y = a1+a2X1+a3X12 +a4X2+a5X1X2+aBX22.
number of model coefficients : 6
design : fully factored 3-levels

Run # X1 XZ
Average 0.0
Variance 0.774597

1 + +
o . ¥
3 - +
4 . .
L) + 0 .
6 0 +
. 7 - 0
-8 0 - 6
9 0 0
, 10 0 ‘0
! 11 0 0 . "
, f Vo
L | il
4‘*&“% ‘ . . ~ : [ .
-, T?;;;'.,\ TR ”
j:oftelaﬁ -
SR 1.00
KRS 00 1.00 )
.00 .00 1.00

-.00 .00 .00 1.00
.00 27 .00 .00 1.00

N 2 . T
| Xy X% Xg X1 Xp Xp | /
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~ désign : Box-Behnken 3-levels
AR Average =~ 0.0,
¥ : 7: - Variance® | 0.755929
oot e
B 1 + +. 0
2 + te 0
-3 - + S0
4" - - 0
’ -8 T+ .0 +
6 . + 0 -
B A 'R +*
8! - o -
9. .0 . ' 4
.10 0. + -
"1 o' 7. oo
12 . 1 0 T - -
13. .0 ™ 0 0
14 o . 0 0
: 1§ =0 , 0 0
correlation matrix : >
' MBehnken
P . P a4
X io00 SRR N
. %2 eo0oto0
i

L e

e

) 3independent paraknters X1,X2, X3
. response functicn '

y= 81 + a2X1 + a3)(1 + a4X2+ 35X1 X2+ 36X2 + a7X3+ 88X1 Xa-l' a9X2X3+ a1 0X3

smber of modsl coefficients': 10

Xy 70000100 .. .

X1Xp .00 00 :001.00
Xp2" .00 -67 .00 .001.00 . 2
"Xy .00 00°.00 .00 00100

~XyX3 .00 .00 ".00.00 :00 .00 1,00

XX .00 .00 ~00 .00 .00 .00" .60 1.00
X4 ©.00-07 .00 .00- 67 .00 .00 -001.

Xy ; Xp Xt Xy¥ge
X5 XXy Xq

e

-.001.00

.00 .51

. x2x'3~""

-

+

A
2
FCC deslgn 3~Ieveils _
\ Run# - _\ X1 X2 XS‘
0.0
- 0.790569 ‘
1 SO +
2 + 0 - +
3 + + -
N 4 + - -
.5 - + +
6@ - - +
R A - o+ -
.8 . . .

9 0 0" +
10 0 0 -
11 - 0 0
12 s 0 0
'13 =0 - 0
14 0 + 0
: 1‘5 0 0 0
16 0 -0 -0
17 -0 0 -0

FCC
1.00 » . - R

.00°.00 1.00
.00 .00 .00 1.00
.00 .00 1.00

~.00700 .00 .00 .0 1.0Q,
~..00\00 .00 .00 .00 o.oo1.‘qo
.00 Bma .00..00 .00 .00 .001,00 ©

.00 51

- ‘than '97}54%' rléVelv of écfnﬁdehce accordmg«o the t-t t (values in bold characters)

e LIV ﬂ
.y . . N St . »
. . p—. . N

&3

~

2 /"Lf

.00 .00 .51 .00 .00 .00 1.
2 2.
X X% XXg Xg®
?‘1’,‘3 - X0, sza,

’

-
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ii)) 4 independgpt r parameters Xy, X5, X3, X4

response funcnon ¢\’> ,
o y = a1 + 32X1+ 83X1 2+ a4X2+ 85x1 X2+ 86x2 + 87X3+ BX1 X3+ 89X2X

,,,,,,,,, '
'+ aqgXg©+ By Xgr 84X Xg+ a93XpX gt a1.4"3"4*‘ a‘15"4
number of model coefficients : 15 _
design : 3-levels fractional factorial «
. . . C . .
E Average ' 0,0
"Variance . 0.816496
. _.1, + + + 0
gre + & + 0
s - - - 0
4 - -+ - 0
5 + + 0 +
6 . + - 0 +
7 - -0
8 - +.: 0 -
9 + 0 + +
10 + 0. - +
11 - ) . .
- 12 - 0 + - )
13 0 Lo+ + + “
14 0 T+ - +
157 0 - S
'16 ’ 0 - K -
17 0 0 0 0
18 ) 0 0 0 . ¥
19, 10 0 0 0 :
" ™
. ] kj s f
4 K 5 }5 e K
S & . . 4 ‘Q A ST o -‘{L'”’"
10 o - iyl A = | )
L_ . § . - AL T ’4
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, correlation matrix : - ' ' ¥ ".
X«“ _ 1.0 . ] . | A‘,,}‘p
X2 .0 10 S - C '
_ 0 0 .0 10 .

x1’2‘2 : )

X5 0 1 .0 010 L

X3 3 .0 .0 .0 010

X(X3 0 3 0 .0 3 .010

XX 0 0 05 0070 10

X2 0.1 00 1.0 3 .010

X4 7.0 3 .0 .0 0 .0 .0 .010 ,

X;X4 0.7 0 0-2 0-3 0-2 .010

XoX4 .0-4 0,.5°3 .0-1 0 .3 0-310

XgX4 0 0 0 0 0 0 5.5 .0 .0 0 010
X2 0 1 0 0.1 0-40 .1 0.7 3 010

X, Xo: X0  XqXgz  Xg®  XyXg XgXg

2 : - . ' 2
warning : correlations grgatér or equal to 0.4 are significant at 95% level of
confidence or more according to the t-test (values in bold characters).
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iv) '5 iﬁdepezdent pafameters Xy X2, Xg, X4 Xg
response function :

y= 81 + 82x1 + ESX1 + B4XZ+ 85X1 X2+ 86X2 + 87X3+ BSX1 XS'Q' 89X2X3+

31 0X3 + 81 1 X4+ a1 2)(1 X4+ 313X2X4+ 81 4X3X4+ a1 5X4 + 31 GXS*

ay7% Xg+ a1gXX5+ 24gXgXs + a‘20"4"5 + 891 Xg? o
number of modsl coeffi cients : 21
design 3-levels fractional factorial

Y

Run# X,  Xp© X5 X, Xg
Average 0.0
~-Variance  0.787839 T o

+

OB S DN |
F o+ ' OO+ O+ "

'O+ '+ 00"+ L+ 0O+ 0O
- .'9 .

+0'+0°' +0"' +0"

+O0'+0"' + 0O

sy
"ooo+++o’oo-"+++ooo-"++.+ooo"s'

OCO0OO0OO0O+"' 4 ' O' O+ ' O+ O+ *' =+

OO0 ' +0+O0!' O+ 4+ 0"

O O O +

12
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correlation matrix : |

X, 100 '
2 A

X2 00100 Yy

X, 06.001.00
XXy .07 .05-071.00,

Xo2 . -09 .03 .00 .051.00
‘X3 .00 .00-.06 .00 .09 1.00
X4X3. .00 .00 .00.00 .00".001.00 _‘
XoXg .00 .06 .07.00-04:.07.001.00 « »
 Xg2 .00 .17-09-.07 311\00 00 -.

X,  .00.00 .00.00.00 .09.00.00 0051 00

X{X4 .00 .00 .00 .00 .00 100 0024 .00°.00 1.00

XpX, .00 .00 .00 .00 .00 .00 .25 .00 .00 .00 :001.00

X3X4 00 .00 .00 .26 .00 .00 .00 .00 .00 ,00 .00 .90 1:00

X,2 .00 .17 0007 .17 .00 .00 .06 .17 .00 .00 .00 .001.00
'Xs .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 «00 1:00
.00 .00 .00.00 .25 .00..00 1.00

X,Xs .00 .00 .00 .52 .65 .007.00 .
.00 .00°,00 .00 .25°.00 .00 .50 1.00

X,Xg .00 .85 .00 .52 .00 .004.00".C

" X4Xg .00 .00 .00 .00 .00 .00 :25-.
“Xg2 .00 .17 .00 .61 .17 .00:.00 .

%

X © e > ¥

' %2 Xxe  xa2 Y X .
X Xp X% XXz X3 XyXg  XgXy , 6K XaXs
,vx1 XX Xy XK X XK XE XX X

warnmg correlations greate; or equat f0 0.25 are signifi cant at 90% level of confidence

* or nfore according fo the-t-test (values in bold characters)

»

»

13

.00 .00:.00..00 .00 .00 .00 .00 .00 .00 1.00

00
00
00
XgXs 00 .00 .00 .00 .00 .00 .00 .00 .00 .00..25 .25 .00 .00 .00 .00 .00 1.00
24 ,
06 .170.0p .00 .00 .00 .17 ©.00 .00 .00 .00 0.00 1.00



v) 6 independent parameters X1, Xo, X3, X4, Xs‘ Xg

response function *,

2,
Y= 81+ 32Xf+ a3X1 + a4X2+ 85x1 X2+ 36X2 + 87X3+ 38X1 XS+ a9X2X3+ 31 0X3 + -
811 Xg+ 1%y Xt & 3x2x4+ A14%q%q 815X47+ 816X5+ 817X X5+ a1gXoXs+

.

a49XgXs + a20"4"5 + 8y xs +agoXg + *123)‘1 xe +ag4XoXg + a25"3"6 +

a6X4Xg + 827%5Xg + apgXg?

number of model coefficients ; 28

design : 3-levels fractional factorial design

4 “.“"‘.

O NRVNOO WL —

Run #
Average

Variance ' 0.686

X4

X X3 X X5 X

0594 0.686 0.686 0.686 0.767

+ 4+

"+ +0000QO0OO0COO

'+ + 0000

o0 o!

L R L L

'+ + O0O00O0COO0OO0CO !

‘' + + 0000
T 0O000000O0D0DO0OO0O0O0O0O !

+1n

4+ O00O0

'+ 4+ '+ ' + 0000
+ o000+
' +o‘o.oooboo

' O0O000 + !

+

*
0
0
0
-0
+

"+ 4+ ' + ' +O000000O0O

OO0 ' + ' +00000CO0O0OCOOOO ' + * + ' + !
- . . ’

- X-X-N- R K-

—
H
.
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_ | o
. .\ correlation matrix: ) . AN
A A | B 10
&*"xm ; TLoou e
M T A
el X%,2 ;vo ) S
C 5L Xy Foa0 Lo
 XyXp 070 .01.0 .
X52.'0-2 .0 .01.0
X3 .0.0.0.0010
' X4X3.0.0.0.0.0.010
XoX3.0 .0.0.0.0.0.010
X52 .0-4.0.0-2.0.0.01.0 | |
X4 0.0.050.0.00.010 - o
"X,X,.0.0.3.0.0.0.0.0.0.010
XyX4 5.0.0.0.0.0.0.0.0.0 o1o _— L
'X3X40.0.000.00.0.0.0.0010 .
X2 .0.5.0.0-2.0.0.0-4.0.0.0.010
Xg 0.0.0.0.0.0,0.5.0.03.0.0.010
X{Xg .0 .0.0.0.0.0.0.0.0.5.0.0.0.0.010
XpXg .0 .0.0.0.0.4.0.0.0.0.0.0.0.0.0.010
. XgXg .0 .0.4.0.0.0.0.0.0.0.0.0.0.0.0.0.010
X4Xg 5.0.00.0.00.00.0000.00.00.010
X2 0-4.0.0.3.0.00.1.0.0.0.0-4.0.020.0.010
Xg 0.0.0.00.0.4.00.0.3.0.4.00.0.3.3.0.010
X;Xg 0:,0,.0.0.0.4.0.0.0.4.00.0.0.0.0..0.0.0.010 }
XoXg 0 .0.0.0.0.0.0.0.0.00.0.0.05.0.0.0.0.0.0.010 LI
X3Xg 3.0.0.0.0.0.0.0.0.3.0.0.0.03.0.0.0...0.0 010" °
X4Xg 4 .0.0.0.0.4.0.0.0.0.00.0.00.0.0.0.0.0.0.0.0.010
. XgX3-0.0.4.0.04.0.0.0.000.0.0.0.0.0.0.0.0.0.0.0..10
Xg2 0-1.0 .043.0.0.0 3.0.0.0.0-1.0.0.0.00-1.0.0.0.0.0.010
X Xp X2 XgXg X% XyX4 XgXg X5 XoXs XgXg Xg XoXg XeXg Xg?
Wx12 X1 X3 'Xs XXy x4*&xz?y‘4 ?‘42 ?‘1"5 XaXs X5> X1Xg XaXg XsXg
‘ L ‘ :
wammg correlatlons greater or equal 10 0.3 are srgmf' cant af é Jvel of conﬁHb’rpce ar
more aocordmg to 1h9 1-test (values in bokd charactanQ | _
( @ 15 SR
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B). Third order polynomial.(cubic model)
i} 2independent parameters X;, X2

response function : .
y= 81 +a2X1 +33X1 +a4X1 +85X2+36x1 X2+R7X22+88X2X1 +agX1 Xz /281 0X23
o Aumber of model coefficients : 10 _
design : 5-levels fractional fagtorial, "p" denotes the intermediate level between

’ Ievels 0 and + while: "m'ds‘the mtermediate level between levels 0 and -. B "
J . ;
Run # ,X1 XZ - R
- Average 0.0 S o2 ‘ .
o ' Variance 0.707107 e ‘ y

3l 1 P p
2 p m
3 ‘m p .
4 m m fu
5 + 0 .
6 - 0,
7 0 o+

'8 0 - .
9 + + —
10 + -
1 - +
12 - -
13 0 0
14 . 0 0
0 0

correlation matrix :

. X; 1.00
- X2 .00M.00
x,3 .96 .001.00
X, .00 .00 .001.00
X4X5 .00 .00 .00 .001.00
X2 .00 .33 .00 .00 .00 1.00
. X,X,2.00 .00.00 .80 .00 001.00
X1X,? .80 00 .82".00 .00WOO0 .00 1.00
X3 .00 .00 [00 .96 .00 .00 .82 .00 1.00
Xy X3 XX XXy x23v |
. Xz‘ X5 - ‘X22 X1X2 . ‘

[¢]

&

. wammg correlatlons greater or equal to 0.80 ﬁre significant at 99, 995% level of confudence

e

or more according to the t-test (values in bold characters)

LT s Y ®
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3 independent parameters X1. Xo, Xg

response function !

Y= 81+ a2X1+ 83X12 + a4X1 + 85x2+ EGX1 2 + a7X2 + 88X2X1 + agX X2 o,
81 0X2 + 81 1X3 + a1 2X1 X3 + 81 3X2X3 + 81 4X32 + 81 5X3X1 2 + a1 6X1 X3 +
a17%gXa? + 84g%pXq” + 819Xy x2x3 + 8g0Xa®

number of model coefficients : 20

design : 5-levels nested FCC external cube with +,- Ievels and Box Behnken internal cube
with p,m levels. As beforq +,- and p,m are equally spaced from the center point.

RUAﬂ#V x1 X2 X3
Average 0.0 )
Variance 0.654654 Run# X,

x
N

x
W

13
14-
15
16
17
18
19
20 -
21

o+ 4o
.

[ S

©CoNO AW

»

19
12

co0oo0oo0o3 30909 3 300
339 0DOO0OO0O030V 30

3930 3jvgsoococo

24
25
26
27,
28

OO0+ ' 0000 + '+ ' + ' ¢

" O0DO0OO0O0+.' OO
Coo000O0O ' + '

17



correlation matrix :

{ ' ) A

Xy 1.00

X;2  0001.00

X3 .950.001.00

X,  0.000.00 0,00 1.00

X{Xy 0.0010.00 0.00 0.00 1.00

X,2  0.00:.59 0.00,0.00 0.00 1.00

. XpX420.000.00 0.00 s4oooooo1oo
X,%,2 .84 0.00 ago,oooooooooomoo . L
X,3  0.000.00 0,00 .950.000.00 89 0.00 4,00 - o
Xg  0.000.000.00 0.000.00 0.00 0.000.000.001.00 - ‘
X{Xg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 1.00 |
XpX3 0.000.00 0.00 0.09 0.00 0.00 0,00 0.00 0.00 0.00 0.00 1.00
X2 0.00 590,00 0.000.00 .59 0.00 0.00 0.00 0.00 0.00 0.00 1.00

X342 0.00 .00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 840,00 0.00 0.00 1.00
.x'1x32 .84 0.00 .89 0.00 0.00 0.00 0.00 .99 0:00 .00 0.00 0.00 0.00 0.00 1.00
X3Xp2 0.00.0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .84 0.00 0.00 0.00 .99 0.00 1.00
XX42- 0.00 0.00,0.00 .84 0.000.00 .99 0.00 .89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00
x1x2x3ooooooooooooooooooooooooooooooooooooooooooooooooooo1oo
X2 0.000.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 .95 0.00 0.00 0.00 .89 0.00 .89 0,00 0,00 1.00

..-m——/t
w3 3 : 2 3
Xy X XyXp XoX2 X3 XyXg  Xg%  X{Xg2 XoXg2 X5
- X1 2 X2 . X22 M X1 X22 XS X2X3 X3X12 X3X22 X1 X2X3

. «
S e XS

-~

- waming : cofrelations greater or equal to 0.59 are significant at 99, 995% level of
confidence or more accordmg to the t-test (values in bold characters)
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4) Experimental procedure

i) Synthesis ‘
To begin with, determine your objectives Previous observatlons or apalyses of other

kinds shouid tell you what process parameters. are to be kept in your model. The choice of
those parameters: may also depend on the type of responses you are studying. Once all process
parameters and responses have been selected, determine the region of your parameter space
to be modeled. Let us now assume that the center point has been determined. If you know what
- parameter has the most important impact on the response, you may want to measure the
response(s) for 4 values of this parameter, fixing the others at their standard value (center
value). Then proceed as described in the second paragraph under heading ' iil) Parameter
range'. As far as major trends in the response(s) are concerned you can widen a parameter's
range. beyond the limit where precise predictions are required. ‘In the latter case, a quadratic
fit on a reduced region might be more suitable than a cubic fit which tends sometimes to bend

the surfete into a S-shape IR B e

i) Exporlmeqt A

. The process parameters, thelr range, the response(s) and the model are now determined.
Choose the corresponding design as given in the precedlng paragraph. Convert the design's

levels into the parameter actual values (units used on your equipment) and write the flow of

your experiment.

Example : .

Lam#A July 18, 1986 :

Oxide etching, blank 5" p-type (1 00) wafers

Total flow [CF4 ] + [He] = 200 sccm

Gap = 0.35¢cm
temperature 20.0 °C o
Etching time 1.0 min unless otherwise spetified

Wafer # Power Pressure He flow 'CF4 flow comments’
(Watt) (Torr)-  (sccm) (sccm)

1 ~ 800 1.0 100 100 ,
2 800 1.0 (50) ° (150) -~
3 (900) 1.0 50 - 150 30 SEC!
: Tl : : :
atc

Values that change from one run to another are in brackets. All inputs are clearly
- displayed. Even though the total flow is fixed, both [CF 4] and [He] flows are given.

iif) Pfoc83sing of data : ~ LSIFIT USER-GUIDE

-

a) Input file : ~
‘The. experiment belng done, it is t:me to fit the collected data. First of all an input data file

that LSIFIT will read dufing its execution must be created. Illustrating The input file format -

with our example of plasma etching, it might appear as follows. On the first line appears the
number of indgpendent parameters, 3 in our case, then on the second line write the number of
dependent parameters or responses, 2 for us, on the third line write the number of

experimental runs, 15 for a Box-Behnken design. Next, type in the patameter's and

response’s descriptors in no -more than 20-characters. On each of the following lines declare
for each run the corresponding vglue of the independent parameters followed by the'response
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values. The last number to appear on a data point line is the weight associated to that
measurement. A weight value must be specified even when not applicable. The first three

numbers must be integers. Data pojnts must be real numbers. Example :

LSIFIT input file

3

15 , :
¢ Power (Kwatts)

Pressure (Torr)

Fraction of helium .

Etch rate (pmmin) -

Uniformity/100

S

25 5408  .07256  .02201

.9 2.
‘9 2. 25 5401 ©.08098 .02661
.9 2. 25 .5410 .1109 04112
.8 1. .25 .0775 1.025 .08338
8 2. 0. .4158 .1104 .03852 -
8 2. 5 .6217 .02487 .009939 .
8 3. 25 .2377 .0442 .007563
.9 1. 0. .6556 .05051 .02455
.9 1. .5 .0020 1.141 .0028
.9 3. 0. .1640 1225 . .01416
.9 3. 5  .4455 .05748 .02048 - .
1. 1. .25  .1681 1.00 1219
1. 2. 0. .4139 .07617 .02331 '
o1 2. .5 .7010 .03087 .01134 & ‘
1. 3

.25 . .2369 .2405 .00387
b) Repohse formattirig : ‘

In order to save computer time responses should be expressed in units such that their
magnitude is less than 100. Also, MAPPING displays only response values which magnitudes
are below 99.95 .

[ "

c) Running LSIFIT ; B J

At the beginning of a run, your screen appears as shown below (usars entnes are
displayed in bold characters for the sake of cIarlty)

- LSIFIT,FOR BEGIN
- EXPERIMENT : ' LAM#A OXIDE -

. The run can be identified by a 16 characters character string. This entry does not
affect the fit and can be skipped by hitting the carriage return. at the first place. Next entry is
the input file namé which is partly dusplayed on your screen too All numbers are read using
the star (*) format :

- DATE 15/10/86 B
- INPUT FILENAME : LAM.SCC ‘ -
X( 1) <=-Power (Kwatts)
X( 2) <= Pressure (Torr)



X( 3) <= Fraction of helium -
Y( 1) <= Etch rate (um/min)
Y( 2) <= Uniformity/100

X(1) X(2) X(3) Y1) Y(2) .

0000 2.0000 .2500 .5408 0726  .0220
0000 2.0000 .2500 .5401 .0810  .0266
0000 2.0000 .2500  .5410 1109  .0411
8000 1.0000 .2500 .0775 11,0250  .0834
8000 2.0000 .0000 .4158 1104  .0365
8000 2.0000 .5000 .6217 ° .0248  .0099
8000 3.0000 .2500 .2377 .0442 - .0076 .
0000 1.0000 .0000 .8556 .0505  .0245
9000 1.0000 .5000 .0020 1.1410 . .0028
0000 3.0000 .0000 - .1640 .1225 0142
0000 3.0000 .5000 .4455 0575  .0205
1.0000 1.0000 .2500 .1681 1.0000  .1219
1.0000 2.0000 .0000 .4139 .0762  .0233 yal
1.0000 2.0000 .5000 - .7010  .0309  .0113
1,0000 3.0000 .2500 .2369 .2405  .0039
- SUBRQUTINE CORR IN PROGRESS. . . TERMINATED

The correlation matrix is not displayed on the screen,’ It will be explained in subsection e).
Then if there are more than-one response the identification number of the response to be fitted

must be specified (number 1 corresponds to the first response in the data file etc)
) ‘

- ENTER NUMBER OF DEPENDENT PARAMETER : 1

In this example” the ‘etch rate will be fitted. Now enter the order of the polynomial
(options 0,1,2,3) . A linear fit is of the 15! order, a quadratic fit is of the 2"9 "order
while a cubic fit is of the 3"d order. Polynomial functions of the 1St and 2"9 order are
automatically generated by the program for any: number of independent parameters. 3" order
polynomial functions for 2 and 3 parameters re also handled by the program. Any other

functions can be defined using option 0. To use ¢ption 0 the customized function must be coded-

in FUNCTION FUNCTN of the source code as jt will be explained later. if option 0 is selected
LSIFIT requires the number of model coefficients.

- ENTER ORDER OF POL'YNOMIN. 2

Next, three waeighting modes are propos d_(options 1 0 -1). For explanations refer to
section 2)v). . AN |
A | ,

- ENTER WEIGHTING MODE _ o
(+1-INSTRUMENTAL 0=NO WEIGHTING 1-STATISTICAL) 0

r
Next option (Y,N) allows you to assugn{ the model coeffncnents a flrst guess value by
entering Y. If you choose this option’ you willl then have [o enter each model coefficient value.

"

" Therefore your normal entry will be N. In that case LSIFIT assigns all model cosfficients a

value of 1.0 .
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"

,,ﬁw"‘m'r GUESSES?(YES/NO) N

- ALL COEFFICIENTS SET TO 1.0000E+00

- ENTER RELATIVE ACCURACY REQUIRED d}.E-S

When the relative variation of ©hi-square becomes smaller than the relative accuracy,
least-squares fit iterations dre terminated. 10° 5isa typical value. For more information
refer to the end of section 2)iv). The iteration loop will be termirated if the number of

. iterations exceeds a use(:specified limit no matter what the chi-square value.

ENTER MAXIMUM NUMBER OF ITERATIONS : 20

LEAST-SQUARES FIT IN PROGRESS ..

]

1 3 ITERATIONS

- ELAPSED TIME : 13 SEC

. TERMINATED

2
) L4
- MODEL COEFFICIENTS  STDERA@R = F-RATIO
540633 = A( 1) +/-- 082844 ' .\ a8
015799 = A( 2) +/- ' .038371-" "+ 4.2
h. -.039788 = A( 3f'4/- 042333*;,( .9
017093 = A( 4) +/: :,038371- . -2
-.013057 = A(. 5{ +- . 041031 . A ‘
-166250 = A(8) +- & .04deds . 152 '
011424 = A( H)owi- 038371 A
.011600 = A(8) +/- - .04f021" A .
133586 = A( 9) +  °.041021 10.6 | :
.038341 = A(10) - “042633 8’

- CHI SQUARE = 2 osass 92 ‘f

f’-r, ’

»

:
3
3

.

. In the case ) of . secgnd orJer fit, the program will’ search for an extremum in the selected
response fupction and ‘within the ‘window. Since a quadrauc function can only have either a
maximum or a mmrmun;l, it qasy to.see on the maps whether one has one or the other. This
feature is especially usefyl when: One-has more than 3 parameters (in which case only
quadratic functions are - usbd). 'M there is an extremum the coordlnetes of that point will be

displayed, othenwse it wlﬁ say\ o

. EXTREMJM IS NOT IN WiNDow

.

-
Re

w
4

4

]

!
£
. L0
a4 5,

PR . RELATIVE - J
DATA RESIDUAL ‘. FIT.,  RESIDUAL ‘
1 5408 -0002 (5406 oooe
2 _ 5401,  .0005 - 5406 .0010 >
3 5410 -0004 , .5406 -.0007. :
4 0775 .0362 .° .1137 4669 o
5 - ,4158 1086 5224 .2563 , :
6 .6217 -1097 5120 -.1764 S ' .

Lk
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¥

a8

.‘

. . . . . T R

7 2377 .+ -0331 - 2046 - -1302 . oy
'8 6556 . -1428 5128 2178 - ' B | Jl
-9 .0020.. ' 0736 - ,.0755. Y 367499 S -
10 1640 . -0735 "U.0005 . -4482° - %
11 4485 . 1428 - 5883 3205 L . ,
12 .1681 E =50331' ).201:2 .. .1ee8 o _ Tl .
13 "-.4139 ar1097 5236 2650 e ' » L
144 70K0_ 1 -1066 . 5044 . - et82t -, Lt e
15 2360 ., 0362 2007 -~ -1528 . : \ '
LEAST SQUARES REGRESSION ANA.. SIS : -
« . 8" : . .
. SUMOF | horemsoiEN. T
. sOUcE "+ SQUARES  FREEDOM SQUARE F-RATIO X
'REGRESSION 58480 . 9 oe48 81 T
.RESIDUAL 10317 5 02083 - S ' o
PUREERROR 0.00000 2 . 0:00000. ° - Co . ,
LACK.OF‘HT 10317, 323 . ..08439 T 0t - -
_ TOTAL‘ - '».53797_ 14 7. . ..04014 - T
ADJUSTED R2 :- .58 ' | T 7
CALCULATED RE(:RESSION: 58480 AND TOTAL_ 68797 '
if you intend fo map out the fit answer yes (Y) to thls request s
E SAVE FIT IN MAP.IN (Y/N) 2y e
’ ‘dENTER END'TOSTGP ; R P . SRR
-END PROGRAML‘SIFI'f : ’:‘ T ' S
As a tlnal option you may repeat another flt wrth the same data fite by entenng anythlng
- but END (caps import). If you.do so, your next entry consrs(s of choosing what response must .
. be fitted as demonstrated ‘above under "- ENTER NUMBER OF DEPENPF;NT PARAMETER :".
CLSIFIT output values ‘are_displayed using -the 'F format therefore if a calculated value is too
rlarge for its allocated forma't stars are pnnted m place of dlglt% ; o . R
) LSIFIT butput files R T e
© " LSIFIT ‘creates’ an output file contarmng baslcally whatr appears on thta screen pIUS the
‘ vcorrelatlon matrix. The output file status is 'UNKNOWN' Computers suchqas MacrntoshTM or
o Mlcrr.waxm ‘give - .the output flle a default name ('00000000"on MacmtOSh SMort. 4 on:
EA ‘Microvax).
oM you have saved one or more fits dur.ing the executlon of LSllflT you have also created an .
‘ outpat file' named MAP.IN. whith contains ‘almost all the information that MAPPING.F needs for el
_‘mapping out. Gontour . plots In We? to actually use -this f le as- ’MAPPING F Input data, you ‘must -

complete ‘it accordlng to the example ‘given’ uq}der iv) b). Typically, you will ‘have, to ~spebtly :
'the number of model cosfficlents on the setorlt line and the number of responses Depend:ng on: - ¢
B the response lunctlon used in MAPPING F: y' ‘ =
modsl coetﬂclents .as shown ln the exampls S : AT
o \ s PR T T Qﬁ B ’ S
S o VRN T 5 _ Lo .
S o . -:?,_G . o : \ . L :




8) Correlation matfix : A

The ,correlation matrix ' includes mtercorrelationﬁ&%gﬁ%bents betneen model tarms, - ¥

correlation coéfficients. between' responses and modeT terms as well as mtercorrelatlon o '

coefficients between. responses If there are less than 4 independent parameters, the cubic ;

model terms are also mcluded otherwise only second order terms are displayed. . A
o

f) Customized model function«: _

*——m than standard polynomlal functlons can be defined in FUNCTION‘

FUNCTN. A customized function is reached usm: option 0 when the order of polynomlal is

. required. To define your own function assign t riable FU the fortran expression of your
function. The model coefficients are stored in the ray A(K) while the independent varigbles
are in X(H,l) where H identify the Hth process parameter and | the ith experimental

observatlon The customlzed function is declared in the ELSE.branch of the most nested. Ik p
- statement of functlon FUNCTN, after- label 20. In the example below it appears in bol‘tt”,_ﬁ A
characters. _ . , - e
A T - :
A ’LSIFIT's FUNCTION FUNCTN . a s
FUNCTION FUNCTN(XFANPARNGD) e Coe T

© DI NSION X(28, 1003 /uzs)
IF (ROD.EQ.3) THEN ,
FU=A(1)+A(2)*X(1, 1wA(3)* xu I)**2s

1 Ay X(1,)**3+ - ‘ Tt .
1 A(S)"X(2,1]+A(8)* X l) X{2, I)+A(7) X(2 1)**2+ o
1 A(8)*X(2,1)*X(1,4)* 2 +A(9) " X(1,H"X(2,1)**2+ :
10 AQI0)"X(20)* "3+ A(14)°X(3,)+A(12)*X(1,1)* X(3,)+ ;
1 A(13)"X(2,1)'X(3,1)+A(14)*X(3,1)**2+A(15)*X(3,1)* .
1 X(1,0)*"2+A(169*X(1, I)'X(,S'I)"2+A(17)')'((~3,|)' , ,
1 X(@D72+A(18) X2 1)X@E )RS, gl 0 - N
1 _.,_E‘SAEUQ.) X(1, 1) X(2,1) x(3‘|)+A(2WW 3 “’wﬂk P wr- e
| IF(NODEQZ)THEN ‘ L $]. BT ‘
 FU=A(1) . S : ’ , SN
. DO 10 K=1,NPAR L : : L ' i
DO 10 L=1,K+1 S S : ~
IF(LEQ.1} THEN o o P
T XCmt., .- ., v ’ y . - e . R
ELS?« ‘ - . R : ,‘ \
ENDIF S o e
‘N=(K+1)*K/2+L o ., . I
10 FU=HU+A(N)'X(K N*XC e S o
* /ELSE . N | ,j ‘ ' P
.. IF{NOD.EQ.1) THEN-" ; Y 4
v FUmA(1). , : - R =
| ,%m R\ . e
.0 ..‘ F, ', s A(K)' (Kvl) =" ] -
FU=A(1)+A(2) X(1 1)*X(2,1)+A(3)*X(2, l)"2+ U
1 CA(4)"X(2,1)**3+A(5)" x<1 e X(3 I)+A(6) X(3 e X(2 |)+' o s :
I A(7)'X(3 l)"3 o : : . Je - {
: po [ A . o . f . )
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ENDIF o | L

END IF .o -

ENDF -

FUNCTNFU _ . » . .

oo, W - j

» B

-

“'-—g)- Dimensions of vectors-and matrides :

Ty

42, responses and 29 ‘model coefﬂcients replace

s LSIFIT's original code accepts up%gnoo data . points. of up to 28 rndependent parameters .
1

X(28 100) and.10 responses Y(10,10D). Up to 38 "correlation’ matrix terms can be defined
T(38,100) while the number of model ¢ coefficients is limited to 28 A(28). Those arrays can be
~expanded or reduced by modifying the fortran DIMENSION statements at. the beginning of the

~ main program block as well as at the beginning of each subroutme or function. Of course

expandtng those arrays’ implies expanding similarl ( the other arrays For instance .if you need .

occurences of 10 b.y 12 and atl occurences
of 28 by 29. ,

h) cpu times : ' . :
Running a. fﬂ" wrth deslgned parameters values. '(Box-Behnken or so) Is faster than wrth non
‘designed values. Typically, for abayt 20 model. coeffi cients-and 30 data pomts the iteration
. Ioops take about one minute (order of magmt’ude)

§)} Formats : . . S : : . : &
A output : : label block = format
1 Input file o - 811 main - E9.3.
Normalization-standard:zatlon coefﬁcrents . 136 main - E103 =
Correlation matrix . 110 CORR " F3.1 &
Model cogfﬂcients ' o x 7777  .main "E114 7
Partial F-ratios T 7777 7. main . . -.F6.1
- Data, residuls; ft, relativo. residuals ~ 9330 STAT - _E103
Regression§um of square and mean square 80" STAT F9.4 'y
F-ratio : _ 90 STAT © O F74
Residual sum of square and met 3 9311 . STAT Fo.4
Pure error sum of square and med@®quare - 92 - - STAT F9.4
Lack of fit sum of square and mean square -~ * 94" STAT .  Fo4
~Lack of fit to pure error F-ratio 9.  STAT  F51
o Total:sum of square and mean square e .93 STAT: 'Fo.4
‘Adjusted RZ a5 STAT F4.2
‘ . Calculated regrassron and total sum fsquare : 100 wi STAT Fa.4
v) Contour plpts MAEE.ING.U&EB_GLHQE w R ¢

" a) Introductlon

w0 T

Fortran program MAPPING displays 2- dlmensronal contour plots of the response surface ,

._obtained ‘with. LSIFIT.- MAPPING is not limited to the. drawing of polynomral fungtions. It can

~ draw: 2:D corttour plots of any. function. When LSIFIT and MAPPING are used together,. LSIFIT.
‘dutputs serve as. MAPP!NG mpbts MAPPING converts automatlcally the parameters Xy .in

- urits, Up to 10 response functions: can be seern srmultaneously versus 2 parameters.

l‘_ ~‘ 25 .

'Parameter ranges and fixed parameter values are defmed rnteractrvely As MAPPING deals

L

B

o vactual units into therr transformed value X k: Thus _the user ‘does’ not have to worry about -



. : : ' o L

with Macintosh's tootbox it is not possible to implement it on other computers T

b)- MAPPlNG rnput ﬁle * : : co

Type the number of independent parameters on. the first line and lhe number of model
coefficients on thg second line. On the following lines type the parameter's .names with no
. more than 20 cfaracters. The first character string corresponds to the first parameter in
LSIFIT etc... Then copy from LSIFIT's .output file the minimum maximum average and variance
values aseoclated with the transformation of each parameter Next declare the number of
responses that a srngle run' can handle. Then type the first response's name (20 characters
maximum) followed by the model coefficients values A(1,K). Repeat this operation as many

times as there are responses. See the’ example given ln the next page.
- N Y

c) Model function : ' ' '

MAPPING's model function :is deflned in function POLY Asslgn the variable FU wlth the
fortréin expression of your model functlon The H proeess parameter value is stored in the
X(H) vector while model coefficients are in A(J, K), where J refer to the Jth response and

is the model term, g,(tdex If you wish to define differant functiong for each response you may,

" program a condtﬁdhal statement using the .value stored .in varlable ND ‘ND |dentltles what
‘response is currently selected. - . T o
T o ey S e
d) Tricks : - _ K - : 4, w0 . :
- Incomplete _model : it is not always necessary’ ¥ pNange the model function every -time
you change of model. For instance if you are. dealipg/with 3 process parameters you may
define a third qrder polynomial function. Thus you cdn spiot linear, quadratic or cubic functi
without having to actually modify MAPPINGs madet” function. Just assign thé value 0.0 Mo
those coefficients that are not part ﬁ the—model as shown ln the- example below for a
quadratic fit using a cubic_polyne .
-« Non normalized-standafdized barameters agsign he maximum a value 1 .0, the mmlmum a
value -1.0, the variancgs the vaiueé 1.0 and:the averages the vaiue 0.0 -
- Responses with different model functions -and uneven number of model coefficients : declare
" the highest - number of model coefficients and assign tHe value 0.0 to model coefflcrents which
,are not used in their correspondlng model.
- No model coefflcrents declare 0 model coeffi cient Type only the response descriptor(s)

-

e) Dimension stats nts

' MakKe- sure thal APPlNG array’ dlmensmns cap handle yout variables. Model coetﬁcrent
v drmensuon statements appear in the .main program block "A(10,28), in subroutines PLOY?2,
DRAWING, OMBRE and functron POLY. Normalization-&tandardization coefficients are stored in
R(28 4) declared .the main program block and in subroutine PLOT2 ‘Parameter values are

" held in the XX128) array declared ‘in subroutines PLOTZ2, DRAWING and OMBRE. ' In lu_nctlon o

POLY they are stored in the X(28) array. You may cftange values in bold characters.
: &
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MAPPING inputfile : 4
3 . ' ‘ . - : P
20 . o : t ‘ . ‘ | \
Power (KWatt) ’

'Pressute (Torr) o _ .
. Helium flow (%) ' Tooa : i |
0.8 1.0 1.0 0.0 . . '
1.0 30 1.0 00 . i : el
00 05 1.0 00 \ ‘

2
Etch rate- BOX(p.m/mn) T o _ ‘ . |
5.4063E-01 = A( 1) +/- 8.1650E-07 ‘ o | ,
2.0900E-02 = A(2)-+/- 1.1180E-08 . . - . : :
' <8,9629E-02 = A( 3) +- 1.1180E-06 ~{% o : . )

0. > 7
22612E02 A(4) +I- 1. 11BQE 06

-2.2850E-02 » A( 5) +/- 43&11E-08 ‘
2.9005E+01 = A( 6) +- YE-06 § -

L : Pt
”"

. - - ' . ‘. .
2 = A7) +/- 1.1180E-06 - o *4«3
= A(8) +/- 1.5811E-06 SRR G o o
2.33775 -01 = A(9) +/- 1.5811E-08 ' SR S t*‘
6.7096E-02 = A(10) +/- 1.1180E-06 = = A 2
.. R c . h AT

a

000000
¥

Uniformity BOX (%)
© 8.8147E-02 = A( 1) +/- 5.7534E-01 ; ' _ : ' -
1.7884E-02 = A( 2) +/- 3§I3BE-01 . SR
1.0349E-01 = A( 3) +/- 5.1945E-01 - _ ;
0. _ . S V. s
-34308E-01 mA(4) +/- 35BBE01 - P |
' 5.5325E-02 = A( 5) +/- 4.9975E-01 \ IET : Y
_ 3.8579E-01 = A(8) +- 5.1945E:01 —. .« - - ‘
¢ 0. . , B  ~ . R { / '_ a0
0. o _ o - '
1.1183E-01 = A(7) +/- 3.5338E-01 = ' conno ‘
. 1.0058E-02 = A 8) +/- 4.9975E-01 © . - :
-2.8888E-01 = A( 9) +/- 4.9975E-01
-1. 31065-01 A(10) +/- 5.1945E-01

ER . v : ‘. . ." T~
Bﬁ 0 4' v ) : . ) ' . . R 3 . :

‘ . v ' B - . : : .
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.0 Runnlng MAPPING :

. R | . | ',' " "'

Use of MAPPING ls-prelty stra@htforward and does not requlre much explanallons Flrsl
of all enter the input file name then follow the instructions given in the.- -upper left rectangle.

- Define graph size : press down the mojise where you want to have the upper left corner of

your graphic then' drag the mouse in the down position. The size of the drawing window s

_displayed in pixels in the upper right rectangle. Make sure to manage enough room aroyund your )

drawing window to allow text and labels to be typed in. "~ ¢

- Define labeling :"press down. the mouse and drag the tick rk whera ddsired. The difference .
- between :the . parameter's value at the tick mark and at th origin is displayed in the upper

right rectangle. Tick marks and labeling will appeat re ularly spaced while the mouse is
released. If the mouse is released at the left or at the right, respectively above or below, t
horizontal, respectively vertical, axis, tick: marks and labala are not recorded. ]

The raesponse to be plotted Is selected by clicking the ‘*ouse in the. upper left recta,
When . the ‘desired: response -appears ratify your choice by cllcklnq ‘OK. Then,ahd
resglution. Low resolution plots (response tested every 3 8lxols) take.less than oné i
_be completed. ‘Standard resolutiomn (response%sted evs’ry " other pixel) takes betweon '
minutes' depending on the sjze of drawmg window! ngh resolution drawing (ré
tested at every pixel) takes betweengpand 15W‘ninutes A typiaalageiinkt |3

\

3.0 X2 Pressure ‘(Torr)v

. : . 1 'o ':.":. - l.:: - : l. : : A . x3 ° . k) -‘w‘ t. : -
SR 1 0.0 10\H‘}o 30 ,4o 0.5 . . ;_
e ) ium fiow e :
’ S " Xl=0.9 Power (KRatt) R . P
L o - o

FIG 1) Typlcal output l‘rom MAPPJNG Ly

. S e R e
This graphic shows etch rale contour plots as a function ol helrum ﬂoﬁv and: pressure while

" the power is flxed)l 900 watts. Contours ‘have- been labeled using optlon LEVELS. Response '

1162

contour interval mu§t be .assighed: when *DY ‘=" appears : in the upper’ left rectangle.. The o

contour labeled’ 0.50 (um/mm) is in standard resolﬁ‘llon, contours labeled :0.70 (wmimin) are
in- high resolution while remainmg contours lare in -low. resolution. The area_where the.

unifogmity * is . below 5% (0: 5) has boqn blackeneo‘mT he resolution- of -a l)lghllghml, area“ .
. depends on the previous res ution used’ during plottlng .t may be changod by raqulrlng ‘aplot -
-in another. resolution and by cancelling t l‘cmation Once a plol s completed you,have to
click the mouse where-you want the co::to?blof Aitle to Bo written. Click it abéve. lhe lrame

if you do not want any title. - * . ¥ 7 ' Cw

~~Then core the follbwing pptions NEW MAP; ADD ON, LEVELS MORE SHADE CLEAR, QUIT
NEW MAP clears screen. ADD ON ‘allows you to draw in the current wlndow on top of what

has kwen already drawn LE‘\/ELS i8 used to Iabel contours. MORE slarts a new drawmg -

o o x

o4



wrt

"wlndow SHADE allowe to highlight ‘aret where the seiectedo response In comprised within a”
~ defined range. CLEAR clearg the. drawing window only. Cllcklng QUIT gets ‘you out of. the
_ LEVELS mode or the drawing modt when applicable 'Otherwise It gives the runanend. .,
(Y “ n i g , - 7 '
g) Prlntlng results : . ' . -
Preesfng elmultaneoucl‘v BUTTERELY KEY-SHIFT KEY-4 makes a hard copy of the scféen:’

/s

: A ' .'-*“,,‘:
h)~, Savlng resuits :

Pressing simuitaneously BUTTERFLY J(EY SHIFT KEY-3 cueates a Macpaint document '
contalning the turrent ecraen This option has been used for pas’g braphlcs in thié text.

Sy Ueeful features : Q P
A “The LEVELS mode is usefut for. checking response values as a furﬁ&tion of two parameters
e A When you click the mouse on- the/response surface, the horizontal ané vertical coordinates in
" actualunits, as Well as the response are displayed in the upper ractangles. As Tony as the .
.. mouse is down the response value will not be‘pnnted on your drawing. This g

you to check'predicted response values for ‘given operating conditions. ' If

. .mouse button inside of the drawing window, it will print dhe response value

is the dot of that valug if its magnitude is below 9.995. hesponse values of
‘than that cor{espo he plot to the pixel which is at the bottom of, and

o&@dum allows ™
y ‘releuse the
® Point where
nilude greater °
weeri the first

two_digits. To ‘avoid printmg drag the mouse, button down out of the currr)ant. ndow. gd then - -
.release it. - ; , v ro
. . F) : ‘ . ’
o . ‘3.0 X2 ressure RTorr?- -
. . 1538
L i sy
. . v 553
[N X L ”‘ - i
_gr.95 ‘X1 _Power (Klatt) 2.50 4
o ::= . 2.00 - .
.92 4 5, ! , .. 0,80
; i B f{ ;- C ) é . . PR o
MR F UL S LA '-%0 ot %
1 <a.6s o;; 70 : V 1.0 B X3’ il ,‘"
f .88 3 } | 0.0 .25 0.5 v
- i i : " | X3 Helium flow -
.85 ' . i B I X1=0 95 Power (Kuatt) ~
0.0 .10 .20 * .30 .40 0:5 e . '
. ' Hell ium flows , . @‘ .
Jd - X2=1 75 Pressure (Torr) . ' ¥ ' B
, . - N ’ - B , \ ’.
v ' FIG. 2) Other MAPPING's oltputs. ) @
5) SIMPLEX , an op\imlzatlon techqrque .”. L . ‘.
. )‘ The Response Surface Methodologx is not appropnate for searchlng of an optrmum process - - !
R, the expenmenter has no idea about' whare is the optimum in the parameter spacs. ,
» ut'n “dbes ’hbt necbsserily mean maximum but rather a set of ‘operating conditions for '*%"
wh ch one or .several responses. meet the experimenter's specmcatlons referred to as the .
target.' SIMPLEX is a designed: experimentet method that allows the user to reach the tarl t no.- - . N

metter where he starts almost The basic pnnclple is the’ folloWing To Begin with determme
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your target. For Instance regﬁp our example of plasma etching, we mlghf “target 6000 ' ,
-A/min with uhrfor?nny less than 5% and selectlvity oxide to polysilicon 8:1. D .
The method consists, of maximlzing. or mimmizing. a.so called response functlowc xm: -
accounts for alt responses. The target is the value taken by the RF when responsee M o .

spacrﬂcatione For the oxide etchmg examble the RF mlght be

&

L RFa(1- ,-r—:nxsooo) . (1 e-sua) .26 uws N
. 1):.. © N ]

LR wﬁere ER, SL and U g*sent the measured oxide etch rate, the selectlvity oxide to poly

i BT meuunifprmlty The™RE larget value; is therefore 2 and it is a maxima. Responses can be .

T weiqhted depending on thelr |mportencé In the. example the uniformity is affected .a weight of f“ﬁ.;
: 2,. e

LR ‘ )

Urqmo m&t w%&eéﬁ & rm N. Independent parameters the experlmehter now o
a%lﬁ fculate the’®F for Na-1, i _ereni‘%omblnatlone of N parameters called a SIMPLEX, Thdé '
otfe--RF, which is me' ond’which value ‘is the farthest from the ‘RF target value, is re]ectgg.,,g ,

“The coordindtes (N in’ ‘the parameter space) of the correspondlnq polnt are then reverted with 2

respect to the other points. The RF is measured and calculated at the’ reverted pgint nd 80 d’"n_ . S

As we said the SIMPLEX requires initially N+1 experifme tal’points, but then onlj one point S e
has to bé measured per new SluPLEX To iiustrate this, Method let s assume that a siggle
reSponse wh depends on twg- parameters must be maxrmvz‘ It is easy fo imagine the

SlMPLEX pat a contour plot : . o A

A

t ( - r A ' : ‘
- first OPTIFAST and SIMPLEX second teration 2
- N : ‘ ) ’ . ) 1 ’

&

. third iteration 3

Y 9
FIG. 3) SilMPLEX sear;:h toward the optlmum OPTIFAST consists of flippin Jthe worse point

* with respect to the best, it is- sometlmes faster than SIIMPLE-X When far from the optlmum

The first SIMPLEX has 2¢1=3_ p.omts, it is a triangle numbered 1. The worse response is at
y \ - < ) . . R . .
. e - 30 . /.
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triang§1 top corner. This point is reverted in P, atc.

The coordinates of the starting SIMPLEX are determined with respect to the center point
with coordinates (cy,Cp,...,.Cy) as follows :

>

Point# - d Xy Xp Xg e XN .
1 -a, -ay ' .
2 .24 . 8N
3 o] v -ay
4 0 -aN '
. . - e .
BT N e

yyﬁ*‘%b“ :

. %,
" Where ai i-‘lm‘ﬁ is parameter X, svﬁq:rement For more detalls see re%rence [4] Let u?call
_ (ol

P, the N- dimensionai vector of coo , (X1 1'X2j XNj) In our illustration :
RF(P4)< RF(Py)< RF(Pg) therefore
P'= (1/N)(P1+ Pa+ Pg3) where +.ph 6 ‘nderd summation of vectorg The coordinates of
the reverted point P, are grven byr P 9"?' + (P’ - Py) , where 8 is a scaling factor.

At the beginning of eaph step%ii the new- response.is not better than the worse do

ected and reverted with respect to the centroid :

3

. BaB-1/4 until B= -1. If a bétter reponse has not been’ obtained yet, leave the worse pomt at
. his original place and try to ;vprt the second ‘worse geint ‘and‘so on.

A set of rules takqb: ?( tttd situations where those simple operations fail to wa'rk

'properl |t is not th' t{urpogpr.ot Ahis document to expose the theory for searching of an
fo-Jgy

optimum therefore you' 0- reed references [4,5] if you want fo use this method.

Clearly it Would be rﬂe -afffSeht | ert the worse RF along the stegpest ascent rather
than flipping it- over: t' ‘ 'S ?Qdure is* descrlbed in reference [4]
5. ' . . . }.4 ) s , e e
6) Remarks R IS
) r o %M“'_,;\. - - A ‘

'Here come a couple of observations about SM based on the characterization of plasma

etching processes. RSM is a statlshcal met od,’ therefore one rust be very careful in
' . drawing conclusions baégd on confoyr piota b
Statistical criteria for: judging the quality’ of a’ fit do not, teil you jf the fit is physrcaily ”
: signiﬂcant. This .ultimate decision requires the experience and knowledge of the experimenter.
For example let us constder a 5 parameter process, : X1, = power, X, = pressure Xg =

helium flow rate, X4 = CoFg ﬂow ratd and X5 gap A designed was used (not the ane given in
this document) in which the model term x1 was. highly correlated to X42 The umformrty as

a function of X, and X4 is shown in Fig. 4. This type of symmetncai contour plot ‘may be the-

result: of slgniﬂcent correlattons between 'model terms. Such a contour plot should ‘not be
rusted- unless experimental proof is made that the response really behaves like this.

~The CZFS process - has been characterized with 25 measurements. Fits of otch rate,-.
. uniformity. and selectivity oxide to poly were all statistically good yet subsequent

measurements along various sections of the parameter space proved bad predictions even in
terms of major trends. Those sections’ showing that a second order fit could suit well, one
conciudes that elther the | process is unstable or not enough data points have been coll

31
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Uni formi ty/100 \

>
N
0

2F6 flow (sccm) .

100 00 4

=70.0 Helium flow (sccm)
=0.50 Gap (cm)

o ® | 3
FIG. 4) Uniformity of etch.  °

. Power " (KHatt)
' =1.25 Pressure (Torr)
X
. X

-

' F|g 4 shofv’s\Feglons of negative unlformities but accordmg to its deflnmon the uniformity
s a positive quantity. This is a common problem when the response to be optimized is ¢lose. to
“zeto. If-the uniformity does not take values below -0.05 (-5%) say, the fit may. eventually
still be regarded as significant as far as’ trends are concerned. However, when the uniformity
takes large negative values as shown in Fig. 4, it mdicates a Iack of experimental points. One
can also argue that the definition of the uniformity: ‘ !

U=100(maximum etch Fate - mlmmum etch rate)/(maximum etch rate + mimimum etch- rate)
. is not suitable for RSM since it has a dlscontinuny when maximum and mxlmum etch rates
‘are zero. -

Practically it is very unlikely to happen, but whﬂ u&uelly happens with non-etchlng'

recipes js that negative minimum etch rates result from differentiation of film thickness
before and after etch. Consequently, very high uniformities (»100%) are often associated™
wuth slow-etchmg or non- etching recnpes. Furthermore, these uniformity values may vary
greatly from drie run to another. Slece it is easier reducing . X by approachmg values of Ierge
magnitude, non-etching processes’ may wreck a uniformity least- -squares fit. For- example a

166 =

‘ “unifqrmity of 15.0 (1500%) may take a fnggg(vdlue of 12.0 (1200%) while most of the other '

Jvalues lie between 0.05 (5%) and 0.20
down to 0.05. One can imagine that. nothing can then seop it dipping far below Zero. In that

' ' case, one can ass' n the uniforrpity a vaiue of 1.0 (100%). This is not an erbatrary method

.since it means jHat the variation of the etch rate across the wafer is of the same order as the

way to overcome this problem, is S|mply~—tﬁ fit the inverse “of the

- 9

uniformify. .
% The .ptlmlzatnon of a process does nor necessarlly consist of finding the ‘maximum or the
minimum of a single: response function, sometimes sevegal responses must meet certain

%). Somehow, the surface must dip from 1R.0 .

specifications. Provided’ you have collected data on the responses o be optimized for the same

oxperimental design, you can define a: speclfic_atlon response functién, in the way it is done
- with-the SIMPLEX method, fit. it with a quiadrati\c,, surface and map it out. If you choose your
- -3 \\

- |

\
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; wlnstead ot a product.

. 4" . s '
[ . Y .
specification rejponso function appropriately, that is in such a way as the tarad" corresponds
to a maximum, LSIFIT will tell you Wwhether a maximum exists in the window and Where it is.

0167

The specification response function is a mathematical combinatioh of observed responses. For )
example, let us say that our target is to feach 5000 ‘A/min etch rate with less than 5%

: uniformlty of etch. Let us.define the specification responsa function as follows :
Spec = exp(-(ER-5000)2/2'106)' exp(-(UN-Zﬁ/_SO)
Since we havo’ requirements on the etch rate ER AND the umformlty UN, the PRODUCT of

two gaussians ls used. Spec equals 1.0 (maximum) when ER=5000 A/min AND UN=2%. Note
that Spec decreases too if ER is much latger or much smaller than 5000 A/min, or when UN is

far from 2% both ways. For this reason 2% instead of 5% has been used th' Spec. The -

coefficients of the gaussians must be chosen adequately depending on what weight you want to
»-ﬂlo to each response. |f you want to imprpve a response QR another, use a §_U_M of gaussuans

&t : ,
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7) Quick reference manual | .

_ i) - Create an Input file for LSIFIT according to the example given'in paragraph 4) iil) a).

- Do not forget to assign a weight even if you do not use it.
- The magnitudes of the-parameter values should not “exceed 999.95 to ba ‘compatible with

MAPPING.
- The. magnitudes of the response values should not exceed 99.95 to be compatible with
MAPPING.
i) In IT's code : ‘ ' \ /-

- Make sure the arrays are Iarge enough to handle your data (see & 4) m) 9) ).
- If yob intend to use a customized model function, check function FUNCT (& 4) ili) 1) ).

it} If you have modified LSIFIT's code, compile it.

iv) - Create an input file for MAPPING- cording to the example gwen in paragraph 4) iv) b) .
- Do not forget that the model coefficients are only valid for the transformation specified.
- Check the model function in function POLY (see 4)iv) c) ). |

v) If you have modified MAPPING's code, compile it.
vi) TROUBLES ? ' Lo
« « With LSIFIT ;. C e
- stars instead of numbers in LSIFIT's outputs  ====> «theck formats in & 4) iii) j).
- - no partial F-ratios amz=x> use a larger relative aceuracy on chl -square (& 4) iii) ¢) )
- OVBI’rW errof =m=n=> .
yourndesmn may lead to divisions by Zbro in subroutme CURFIT..
- the arrays are too small to handle your data.

With MAPPING ‘ .
- plot is going cr‘azy =--.> b j
) * check input file (see & 4) iv) b)).
» - checkdimensions of arrays (see & 4) iv) ) ). e )
- check MAPPING's function POLY. s X
- did you compile MAPPING ? e
X " - the drawing window is too large and you run out of 'merhory.
-Other problems ? “ .
call : - ’
' Dr. Roger Patrick, MS J201 3y “Philippe Schoenborn
LSl Lo&lIC Corp.- 3115 Alfred St. Department of Electrical Engmeenng
Sant)}CIara CA ' . The University of Alberta
Tel : 1408) 433-6261 5 Edmonton, Alberta
R oo (Canada T6G2E1 -
. : : Tpl (403) 432- 3914
A ‘ .
i B .;-1%{' l‘ \ :
34
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8) Refsrence ex'ample . : . . .W

Here is a. comploto exarnple taken from reference [6]. If you have modified the source code
~ ‘of a program and you have some doubts about your results, you_may use it as a reference fit.:
* If you want to map it out, make sure that the function POLY in MAPPING is adequate.

LSIFIT input file :

. 3

1
17
Powor(WattsIcm2) ,
Pressure (Torr) 7
Fraction of CF3Cl . - o o g : ,
"Etch rate (wmvmin) - * ‘ NN : : <,
315 6 865 .088 1. *
315 6 865 .08 1.
315 6 865 081 1.
315 8 865 .094 ¥ ’
315" .8 865 . 104 1. ., .
087 3 865 .03 1. S
.. .15 3 885 .1 1. :
715 ~9,85 3% 1.
i.315 3 738 052 v 1. ,
».',;.'-;:;7__15 .e 738 217 - 1. -, Q
315 9 738 - .062 1. —_—
087 81738 045w 1. P N ‘
315 3 956 i1te. 1 . 4 ~
.087 6 .956 .042 1. ' L
315 9 956 - .045 1.
715 6 .956  .392 1.
.087 9 865 .042 1.
LSIFIT output file "00000000" :
- LSIFIT.FOR BEGIN
- EXPERIMENT : REFERENCE
- DATE.Q}01/87 :
~ - INPUT FILENAME : .
X(1)<- wer (Wattsicm2), . ¥
)((2) <- ' Ire (TOh) .
>q3) <= Frach¥r  of CF8OI
¥() == Etch raxawnymm) . ¢
- e e
80: 1.0000 - ¥
8810 1.0000. ’ o
10810, 10000
, 10944 1.0000 - . )
50 1040 10000 - R
10390 1.0000 - . . ’ y
e 1000 1.0000 - 4 ¢ '
.-",':; , . M ‘ 35
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- ALL COEFFICIENTS SET TO 1.0000E+00Q

-

Ll

. . ) ‘ e N

. - " ) C .
. -

.7150' 9000 .8650 .3560 1.0000 ) o 75
.3150 .3000 .7380 .0520 1.0000 ' - , ’
%7150 .6000 .7380 .2170 1.0000 RY, ‘

‘Ke 3150 .90007..7380 .0820-1.0000 } T - f

:0870 ;6000 -.7380 .0450 1.0000 : y
3150 .300Q .9560 -.1100 1.0000 :

L0870 .6000 .9560 .0420 1.0000

3150 .9000 .9560 .0450 1.0000 -

7150 .8000 .9560 .3920 1.0000 \ :

L0870 .9000 .8650 .0420 1.0000 ~

- MINIMUM MAXIMUM VARIANCE AVERAGE PARAMETER
087000 .715000  .721011  -144998 1
.300000 .9000Q0  .707107  0.000000 2
738000 .956000 .712193  .087426 3
- CORRELATION MATRIX : , ‘»//
1.0 '
0.01.0
0.00.01.0 o :
0.5 0.00.01.0 - ‘ ' &
0.00.00.0001.0 ¢
0.0 0.00.00.0r0.0 1.0 : S
0.0 0.00.0 0.10.00.0 1.0
0.00.0 0.0 0.00.00.00.0 1.0
0.0 0.0-3 0.10.00.0 010010
1.0 0.00.0 0:60.00.00.00,00.01.0
0.0 0.70.00.0 0.40.0 0.0 0.1 0.0 0.01.0
0.7 0.00.0° 0.40.0 0.10.0 0.0-.1 0.7 0.01.0
10.01.0 0.00.00.00.0 0.0 0.0 0.0 0.0 0.70.01.0
0.0 0.0 0.7.0.00.0 0.4 0.10.0-20.0 0.00.00.01.0
0.70.00. 0.40.0-3 -1 0.00.0 0.70.00.00.0-.1 1.0
0.0 0.0°0.7 0.10.0-.1 0,0 0.0 -.20.00.00.00.00.0 0.0 1.0

0.0 0.70.00.0- 10000 30‘0%(33,060 0.70.00.00.0 1.0
0.0 10.0 0.0 0.50.0 0.0-8 0 0 0.20.0 0.40.00.00.0 0.21.0

0.0 0. 10'00 0.00.0 0.00.0 -4 0.0 0.00.0 0.00.70.00.7 OOQ\OLO‘
0802020603 02-1-1000804 05020206 01%02 021.0

‘ X1X2x31m11%21° 322 2333 1“32'1"21'2“22}33'1"21'3"23'2"2?‘3"21'2' 3"3 Y1

{ENTER ORDER OF POLYNOMIAL: ° - o s
2 S ' |
 WEIGHTING MODE NO WEIGHTING ' )0

- ENTER RELAT!XE QCCURACY RE IRED g Sl .
1 000& 93 " \./ “  SLAIRE, " 5 ) .
- ENTER MAXIMUM NUMB OF TERAT!ONS . -0 :
. 9 . B , b

- 3ITERATIONS . e



. . —\_‘}hi' _— ~ P LR e s o v 1 171 : ‘
e T, 0T SRR SR
-ELAPSED TIME:* 13SEC . T R . o
a "1 . .vv. N \ ” \kk ' o A B \ _ ‘.; ;,:‘:".“‘ -
o ' o . S v . AREE o .
- MODEL COEFFICIENTS 'STD ERROR »F-RATIO o :

. 009585 = A 1) +/- .020138 245 7 R .
070826 = A(2) +/- »012808 - 306 . . <o L S
. 025285 = A( 3) #/- .011996 44 T Lo oL : ‘
017576"= A(4) +/- 010757 = 27 o . L ‘ .
. .036516= A(5)+- 010770 "+ 115 . - Gt e T S S
. -016019 = A(6) +/- .010478 23 e T AT :
. .020388'= A(7) +/- 011471 3.2. , Sy
a 022447 = A(8)+/- 010774 . 43 . - - oty
\.,006900 = A( 9) +/- .010763 -4 : ; R
006829 = A(10) +/- .011000 - 4 SRR e A
.CHISQUARE =-18528E-03~" .~~~ . . R =

- EXTREMUM IS NOT IN WINDOW, L

St RELATNE S
POINT# DATA * RESIDUAL FIT' RESIDUAL - ;-

'

8
0880 0016 0896 .0182° . N
0810 . .0086....0896 . :1062 Tt _
0810 ,.0086 .0896  .1062 SR N T L
0940  -0044 0896, - -.0468 - . ‘ o B
1040 - -0144 0896 -1385 N ST e )
.0390 0170  .0560 ~ .4349 IR . :
1000 - 0442 © .1443.. 4418 - ae?
3560  -0002° 3558  -,0006 - ‘

9 0520 -0359 0161, 6806

10. 2170  -0108  .2062 * -.0498 o \
11- 0620  .0151 0771 2441 - » s K

12 0450 - 0316  .0766 = .7020" \ o .
13, M100 .-0252 0848 . -2294 T,
14 0420 - .0t24 0544 - 2048 . . T
15 .0450  .0460 0910  1.0225 - L e

. 16. ?‘.‘3920 -0332 .3588 -.0846 ‘ ’ 7 -
17. .0420 = -0609 -0189 -1.4507 I

) B :
- LEAST-SQUARES REGRESSION ANALYSIS :

7/

OO~V H DN —

. ’ . - . ’ e ’
- | SUM OF DEGREESOF MEAN L
SOURCE SQUARES - FREEDOM SQUARE ~  F-RATIO . .
,,,;- . . & “ﬁl, : . oL . : ) :

REGRESSION .1691 ° Caoot88 10
RESIDUAL 0130 ' 7 0019 ‘




LY

e .60

B \ - , './/. N b
" PUREERROR 0004 P .0001
LACK OF FIT © o128 - .3 - 0042 \
TOTAL, . - . 1821 - = 18" 0114
" ADJUSTED R2: 84 . \ ' . Co Y
“CALCULATED REGRESSION = 1891 AND TOTAL = 1821 ;
-END PF(OGRAM LSIFIT. - o . - A

MAPPING F input file (wnth second order polynomlal ‘function POLY)

3 - ,’/A. \ '
. 10 a ' A
Power (Watts/cmZ) -
-Pressure (Torr y
~ Fraction of CF3CI ‘
.087000 .715000 721011 -143 -
300000 .900000 .707107 0.00Q000 2 A
738000 .956000 ' .712193  .087426 3 =
Etch rate (gm/min) - —
.090585 = A( 1).+/- .020138
‘070828 = A( 2) +/- .012808 | ) -
.025285 = A( 3) +/- . .011996 : / : /
017576 = A( 4) +/- .010757 D
. .036516 = A( $) +/ .- .010770 N oo -
-.016019 = A( /- .010478 . -/ ‘ S
.020388 = A(}?/- 011471 /
.022447 = A( 8) - ovra . . -
-.006900 = A( 9) +/- .010763 S
+.006829 = A(10) +/- 011000 N -7
. o / = N '
MAPPING.F contour plot : - . ,

DR Et;:h rate ._(ul;/m-in)'
0.9 X2 Pressure VGTorr)

. .80

70

/02 O .30 40 .50 . .60
AN : - Pouwer (Natts/cmZ) :
/ - x3-o 85 Fraction of CF3CI

0.7

X1
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" APPENDIX B, {Q“'Cc'

& NESTED FCC-BOX-BEHNKEN DESIGNS

‘ . ,
L= .
= . )
N .
- \

174

' FCC “design
15 “points

Nested .
FCC-Box-Behnken -
designs - IR

27 points
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APPENDIX C, GLOW DISCHARGE LUMINESCE&T wresbiTy L

.l . '

»

Eenvatron of - tile expressron relating the spectrometer readmgs with the
lummescent intensity of the’ glow discharge. The glow dischargp as seen by’

the optical sensor is deplcted in the drawmg of Fig. Cl.

. ~

A\ pt!cal sensor

3

. N .
Fig C1) Position of ‘the tip of the fiber optic (optical "sensor") with’ respect
té6 the glow region (dotted area) contained between two parallel plates.

/’) ! ‘. - ~
The - detector receives pg};t from a por fon of the glow surface which

. >
M . - - -
is: - . S
. L

angle is ©2-91. ‘The intensity of an infinitesimal ‘clement of . the - glow surface

Ai'= AL BR4® Wamsl . ' (€D

¢ )
“ . '

L3

: where AI ‘is the flax of energy - (J m-2'se

the glow herght and & the glow radius, At d(@ bR t\he ,dlstance from the glow
surface to the sensor at an’ angle @, the intensity emitted from the elememrof
surface is spread oveér the area of the sphere of radius d(9) gnven by ﬂnd(@)2
. Therefqre the mtensxty recerved by /the detector is now grven by :

Biggy= Al HRUD/( 4r d(@)z)  [Watsm™2). S ' (€2
o i - o Y ;s <

-

1) crossing thg glow surface; H".

.
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Sit s assumed that. d(ra) » H/z s0. that d(@) is pretty much consta&t along the

¥

‘glon height Ot,herwrse Ai, should be restncted to-a portlon dH of. the height
and the integration- over\_h‘e surface - should. be carried out along the henght
as well. The total intensity the detector receives is therefore given by :

1, - (AL, HR 4m [ 4@ 40 Wausm™2) €y

e
. where the mtegral e*pands fr%m 21 t0(02 The intensity recetved by the .

. '
- &

[

_ detector. is  also related o the number of photon counts

st
B

! - e S : . ‘ ' N
. . - ‘ L . ‘ 4
L ,Nuhu/(mscm» o IR )
. | s‘.‘* . N
. where NI—L is the number o? c0unts at frequency 1 when, the background 1s __ a

- subtracted. A rs the sensor ensitive area, tg the sampling time, and C(p) the .

detector _response in counts per photon at frequency ‘U, As a result, the .flux of .
photons escaping the plasma at the glow surface at frequency W is given by":

- 4uhu./(HRAt cwfu d(ra,)Zdz)"N Wattsm™2] . (C5) - 4
s ..s 7 .l u. .

: . e
‘ Let us calculate the mtegral fc}r _tlte Lam etcher The detector is placed
.behind the reactor rear quartz window as .shown in Fig. Cl The. parameters
used to locate the ‘ sensor with respect to the glow region are : the distance D
’ between the electrode. and the line parallel Jo the window and passing by the .
' sensor position, and E the dxstance the sensor is off-center d(D) must be-
related to D and B‘\and the electrade radius R. The sensor "sees" a portion of _
" the glow delimited by the angles @1 and @2 also related to D, E and R. *.
d(@) is part of a triangle defined by Lu(Dz + 1525)”2 , P =2Rtg((?- 1|:/2)/2)
“and Q = T-B- -((r-(D- 1t/2))/2) = 1/4- arctg(E/D)+®/2 (see Fig. "C3),

N furthermore
%

d(fa') - (L2 + §-2-2L1>co.~;rz)“2 I -
"= (D2 + E2 -} R(D? + E)}2 tg((@ 1:/2)/2) cos(_ m/4- arctg(E/D)+ zlz) )1/2
Vo - | T e
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Fig. C2) Top view of’ Che",:.i.'r-ea.c’:g:qr. ,iqdwing the position of the optical sensor
with respect to the electrodes.. % . ) ) / -
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Fig. C3) Top'v'iew‘ of. the reactor showing the position of the optical sensor =, =

© with respect o the elegtrodes, T ’ . = L
. . . \‘.‘ o . ) ) ..7 /: )
]

‘ }01 and 92, are de‘term‘m'éd as follows. The- angle a is given by \(Fig.' C4) :

S a = A'arc.tg(E/(.D+I.§)‘), . . t ' : . cn -
- @1 = n/2¢a - arcos(RI(R+d(a))) . . - —, - (C8
P2 = m/2+d + a'r.cos(R/(R+d(a)))d,, . QV . [(&:)
v : o - : - : . : Vo
w a .
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L] . / . . £ . .
- . ‘e . » ) . L]
* Let us define S the integral :
: o . o S = | R A )
s-[va@rae N e - (10
. ’ . X . - - N
where the integration is taken from @1 to @2. d(D) (equ. C6), @1 and @2 (equ.
R oo
_ C7-C9) have been ‘expressed in terms of D, E and R. The integratiolr can be
- . advantageously calculated 'numeri_cglly for any particular position of the N ,
detector. :I‘ypically, for 3n 8 inch lectrode, D=7 cm and E=4 cm, one finds _
 S=2283m2. T, - s

AL ’ :
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. APPENDIX D, CHEMICAL KINETICS REACTION SCHEM

<

Input data for FORTRAN frogram "chemk". [40). Relations 1 to 49 are the
reactions frém Plumb and Ryan.[32). The other relations are the feeding and'

-

*

pumping pq;a’meters.

# reactqngs

/products '

-

{

[

v

param‘etoro S, F. A

-

E -

.g___"

Y

. rates A 1, $1

1 \CF4 > CF3+F" 1.7359 00 -1.0 "250.4 900. '
.2 CF4 > CF2+F+ F 40504 . 0.0 -1.0 2594 900. °
3 CF3 -e-> CF2% F 57863 0.0 -1.0 250.4 900.

4 CF2- ‘> CF+ F 57863 00, -1.0 250.4 900.
, 5 -CF3+CF3 -M> C2f¢ 28023 - 00 032 B8.3e12

6 { CF3+F  -M> CE4. . 77627 0.0 083 2.0e-11

7 CF2+CF2 > C2F4 - 5.0-14 T

8 CF2+F -M> CF3 3.0e-29 00 073 1.3e11

9 CF+ F M> CFR,, 3.2¢-31 00 072 1.0e11
10  C2Fe -e-3° CF3+ CF3 . 57863 0.0 -1.0 259.4 900
11 . C2F4, -e-> ‘CF2+ CF2 57863 0.0 -1.0 259.4 900. ,
12 F+ C2F4 --» CF3+CF2 4011 - »
13 CF2+ CF3 ‘'-M-> C2F5 : 230-26 0.0 0.39 .1.0e-12

14 C2F5+F --> CF3+CF3 , 1le-11 2t

15 CF+ “CF2 --> C2F3 1.0-12

116  C2F3+F > C2F4 1.e-12 _

17, 02 > O+ O 1.8805 0.0 1.0 259.4 900.
18 02 > O+ OD 21699 00 -1.0 259.4 900.
19 - 02 > OM+ O 17358 0.0 -1.0 259.4 900..
20 OD+ 02 > O+ 02 4.0-11 - o
21 "OD+ CF4 > O+* CF4 1.8e-13"'

2 OD+ COF2 -> O+ COF2 , 5:3e-11

23 OD+ COF2 --» F2+ CO2 2.1e-11 .

24 OD w> O - 263 .

25 O+ OM > 02 - 3.-1 o N
‘2% O 6> OM , 1.44fe3:00' 1.0 259.4 900.
27 CF3+0 > COF2+F ° 3 e:11 .

28 CF2+0 -> COF+F -~ . l4e-11

29 CF2+0 .-> CO+ F+ F 4072 ’

"30. COF+O  ->. CO2+F © 9:3e-11 ,

31 COFyF -M-> COF2 6.5-29' 0.0 068. 1.4e-11

32 CF3402 -M> CFO2 © 350-29.00 049 80e-12, .

a3 CF302+Q >  COF2+F+ 02 el ;
34 CF3b2 > CF3+02": -~ 5.7863 0.0. -1.0 259.4 " 900.
35 . F2 > F+ F 57863 0.0 -1.0 259.4 900.
.,36° COF2 ve-> COF+F 57863 0.0, -1.0 259.4 900.
37 co2 = -e> CO+ 11,573 0.0 ~ -1.0 " 2594 .900.

38 F+. 00 -M> COF - 8.16-32 0.0 ° 0.73 . 9.4e-11

39- F+ 02 --M> FO2 1.6e-32 0.0 070 3.0e-11

4. F+ FO2 -> F2+ 02 . 5.e-11 '~ '

4 O+ FO2 -> FO+ 02 5.6-11
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