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The k 1 n,e t 1 cs 0 Î the sol id -1 i qui, d r e a Co.t ion soc eu r ring 
, l '~" 

during the et1ching of ehromium Metal with~:~n alka1ine potas.sium 

r 
permanganate so)~~ion was studied. 

',:'1;. 

A rotationa! etc.her was dey.e1ope,d to det:ernÏine the 

. . 
intrinsic. raté's 

.. 
of reaation. The c.haraeteristics of the .. 

c h rom i u m s u 'r f a <r~~ na me'! y sur f ace r 0 u 'g h n e s s , ~ e t aIt hic k n e s s 
• J ~ 

unifo'rmity and" .oxide comppsition 'a10ng with the etchant 

sol u t i ? n par a met e ra.: [N a 0 H ); [ K M n 04 ]; [C rti; an? t e ni p e rat 11 r e 

~e~.e invés'tigated in order to determine the reacti~r; mechanisni' 
, , 

t'he fntr1nsic rate '~xpressio,ns • 

•• The experimental results showed \ that the etching ,of 

chromium follows 
, -< 

two consecutiVr sq1id ~ liquid reactio~s. The 

" " < 
first reaction Is 

, ~ 
r~lated to the diss~lut1on of th~ oxide layer 

go.ve rned by the f 01 ~ OTfti nj ra ~e ,law: 

(mmol Crf.rl--s) =4.05x 108 exp[ -5.01'x -, 

.... The second reaction is related to 'the dissolution of the 
~ .... 

. underlying chromium meta1 and the intrinsic. rat-e expression for 

t hi s Le a ct ion a t 4 3 0 C i s : 
.. ' 

1 

r (mmo1' CrJm
2
-s) = 3.91 CKMno- 53.61èCfS 

, • ,4 .• 
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SOMMAIRE, 

f: 

.. 
, _ r" 

L.' é tu d ~ '.,a con sis t é ep une ~nalyse ~e la cinétique des 

intéractions sol i d, e. - 1 i qui d e ~ 0 r s' du p·r 0 C, e 8 8 U S d" a t,t a q ti e 
-\ ... . ' 

~ t, '-1.. 

chimique du, chroI1l.e par un .solu'tion de permanganate de potassium 

alkaline. 
f 

Une g'raveuse rotative a été co.nçue pour -déterminer les 

niveau~ intrinséques des réaét~ons propres à la solution. Plus 

particulièrement, l"étude a porté sur la charactérisa,tion du 

ch TOni' eau n ive ~ u dei a ru g 0 s i té" des u r f a c-e, ci el" é p ais s eu r ' d u 

m'étal' et la -composition de l'Oxyde de chrome, et au niveau des 

fa c t e urs chi m i que s c Jo est - à - d ire [N a 0 H], [ K M nO.. ], ...[ C ~ e t 1 a 

• 
"température en relation avec le niveau de réaction chimique du 

, ,metal • 

Les rés u 1 t a t s exp é r i m e n-tau x 0 n t d é mon t rés que l'a t t a que 

chi m i que duc h r 1 ~ déc 0 u 1 e d e d eux réa C t ion sol ide -1 i q u .i d e 

C o,n sée u t ive s. IL a pre m i ère . réa Cc t i, 0 n qui est rel i é e . à 1 a 

, \ 
dissolution de l"Oxyde (Cr2 °3 ), est définie' p~r l~expression 

suivant.e: 

'VI-!: 

r 1 (mmo 1 Cr/ J- s) = ~". 0 5 x 1 08 exp [ - 5. U 1 x 1 04/ R T J . CNaOH 

\ 

La dieuxieme réaction quant à élIe est reliée â la 

dissolution de· couçhe inférieure de chrome est dèfine par cette 

·se~onde formule à 43°C: 

.. 

\ ..J 
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Concentration of KMnO in etchant (mol/L). 
a 

Codcentration of Cr in etchant (mol/L). 
\. 

Unde rcu t - w hich 
'the .reslst width 

i8 'defined as E~e d-ifference betwe_en 
( W r) and the m~ a l w id th ( W m ). 
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Surface roughn~ss (pm). 
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Top chrome etch time (~ ).' 
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u ~ , .. 
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l NTJWDUCTIO,N ", 

The~ge of alumina ceramics as chip carriers in ~omponent 

.manufac'tur~ng is a well-estab-li~hed technolo~y. In the last 
"" • • -l-"'" 

§everal y~ars the advances in'integ~at~d circuit fabricatiù~ 
C7 ~ _ 4. • ? a s l e~ t 0; a che a p e} sil i, con chi p; th u s t,h.e co 6 t 0 ~ p a c k a g. i n g , 

... \ .. ~ 4 • ,1 

h ~ s bic 0 111 e g r e a t l yin; tu e n c e d b Y the cos t ,0 f f a b r i c a 't i n g, the 

/! 
c e ra 'm i, c su b s t rat e. l n r e s pp n s e ttt> t h ~ s, ne w p a c k agi n g 
'J 

techniques have b'een de-velopeq' to réd:iü:i'e t~é"~ ~ost o~ the 

substrate c-hiR; carrier. For exaDiple, methods such as Tape , 
.... 
Automated Bonding, [i J e,mp'Ioy chemic.ally.etched copper fingers 
J ., 

" " 
em'bedd-'ed ).n a' polymer film 

(~1 

a s;'t he chi P car rie r in ste a d 0 fan -

alumina eeramic: Anotper method uses plastic molded technolo~y 

[ 2] wh f chi ri v 0) ~ e' s t hoe use 0 f e p o'x y r ~ sin mol de d t 0 ale a d .,. 
fia mec h 1 p . car r i.e r • H 0 w e ver s è-v e raI 1 1 m 1 t, a t 1 0 n s t 0 the s e 

methods...sucp as low' I/~O count and 10efjicient heat diss,ipat~oo, 

keep the ceramic s/ubstrate ,e.hip carrier S~~l a viable 

technology.o 

One way to reduce 'the cost of the ceramic chlp carrier Is 

(~ ~o ~nderstand in 

~ in vol v e d in t h-e 

greater depth thefvarious pr~ces~irlg stages 

man u f a c t uri n g, 0 f the s u b s t rat e • W' i t h( the 
., 

und ers tan d'i n g co mes pro ces s 1 m pro v e men t l e a d,i n g t 0 yi e 1 d , . 
, 

improvement and reduction in rework and recycle\. 

The chemical etching ,of metals ls an est'a~liShed process 

in 'the engraving, the Metal finitshing and the microelectronics 

industry. ~n the ",p.rôduction of, metallized 'ceramic substrates, 

i t i son e 0 f the m 0 s t i m p 0 r tan t pro ces sin g s"t e p s sin cet h e 

fi li a l è i r cui t di men si 0 n s are de fin e d a t th i s St age. The fi r s.t ' 

, ? 



)~ ... , .... j 

ste p. i n the . ln a nu f ~ ct uri ng 0 f 'm e t a Il i z e d ce ra mie su b s t rat e sis 
, 

to coat ·the càramic' with three layera of metal -as shown in 

o 
fig ure 1. 1. The e h r 0 mlurn 60 0 - 1 3 0 0 Ath i e k for m s the pro tee t i v ~ 

(, top e h rom e) a n~d ad he s ion (~a a e c. h rom e) l a y e ~ a for the co p p e r 
• 
()-70 000 1 thlck) whic.h Is the metal that forme the final 

c.ircuit on the' substrate • Etching of, the metal, layera is 

. 
usually performed in·a spray etc.her. This type of etcher uses 

s pra y a c. t i 0' n t 0 dei ive r the etc han t s t 0 t'h e su b s t rat e sur f ace 

where the dissolution of the unprotec.ted me~al takes plac.e. The 

dissolved metal ions are then transferred to the bulk etc.hant 

solution. 

The ceramic. substrate (which forms the phy~icial interface 

between the microchip and the printed circuit board is produced 

by a photo lith'bgraphic process which essentially c.qnsi8'ts of 

the following steps: 

the 

1 • Oeposition of three metal layers ( 0 0 0) cC r, Cu, C r b y, a 

low- pr~ssure sputtering".technique.The c.eramics after this . , 
.,step aY'e c.alled blanket c.eramics. 

2. Application of photosensitive resin, and exposure of 

this /resist layer through a mask uslng U.V. 11ght. At 

1 
this 'stage ~he substrate has resin that ls po.1ymerlzed 

where c.ircuitry is present apd unpolymerized in the' 

unexpos ed a reas. The exposed resln is more resistant to 

the chemical etchants than the unexposed resin. 

3. D e,v e 1 0 pme nt 0 f the resist. In this step~ the 

unpolymerized resin Is removed leaving behind a suhstrate 
~." 

ready to be etehed to obtaln the final circuit pattern. 

There are several 

etc.h proc.eas: The 

~oli~-liguid reac.tions oc.c.urring ln 

dis sol u t-i 0 n 0 f 
o 

c.hromium with an 

alkaline potassium permanganate solution and the dissolution of 
o 

2 

.. 

• 
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Figure. '>.1 Levels of Metallurgy on a Ceramic Substrate . 
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copper with a f.erric chloride etchant solution. Although the 

kinetics of the reactlon of copper wit~ ferric chIo ride are 

known [3,4,5], that of chromium with a Potfssium permanganate 

etchant ois not; an extensively studied reaction. Kinetic rate 

data for "t'his reac~ion, which ié not only important to t,he___. 

etching of ~etallized ceramics, but also in the productio'n of 

ehromium phot~masks [61, artd in the etch-baek process for metal .. 
finishing [7), is non-existant jn the open literature. 

, ' 
. 9' 

~The objectives of the research work are as follows: 

l~ To investigate t~e properties of the et~hable surface .. 
such as Metal thickness uniformity, surface .roughness, and 

'oxj.de composition, which will dlrectly influence the rate , 
of etching. 

. 
2. To develop an understanding of the mechanism when 

chromium metal reacts with an' alkaline solution of 

potassium permanganate. 

, 3. T 0 d ete r min e °t h e i n tri n sic rat e 1 ~ w s for the r e a c t ion s 

taking place during, chromt'um etching by defining the effeets 

of the [NaOH), [KMn04.], [cf6], and temperature on thé etch 

rate. 

---~To- --~-~ m par eth e 'd i men s ion a 1 pro fil e\s 0 f' the c'i r cui t 

. electrodes when the etching is carried out in a sfray etche! 

and in the rotational etcher developed in this project. 
o 

o 

With the information obtained from t;neeting thetresearch . ' 

objectives the et~hing of metalliz~d ceramle s~bstrates whlc~ 

takes pI4Ce\)t IBM'Canada's Bromont manufacturing plant will be 
" ' 

completely ~e{ined. The"understanding of the'Process will be at 

\..: point where process. windows can be redef ined ~.n order to 

i m pro v eth e pro duc t yi e 1 dan den ab 1 eth e i m pIe men tilt ion ,0 f a 

4 '\ 
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o 

continuous chemical control system that automatically adjusts 

the etc han t par a in ete r s tom a i n t ai"n ' 0 p t i mal. etc h rat es. 

The contents of this thesis are divided into three 

distinct chaptezs._Chap~er i is devot~d a discussion on the 

characte'rization of the metal surfaces. Chapt~r 3, is dpvoted 

,to ~he kine~ic study of çhromium etchin&. The reacti~n 

mec han i s m s for t_h e dis sol u t ion 0 f the met a l II" as weIl as tne 
. 

lntrinsic rate laws are determ"ined based on experimental data • 

.. 
The pro p e r t i e S 0 f the etc h a'n t sol u t ion and the ph Y sic a l 

properties of the etchant system that affect, the etch ra~e are 

a1so investigated. Chapter 4 is devbted to the application of 

the resu1ts in Chapters 2 and 3 > to the etching of actual 

c i r cui t pat ter n s • S t a t i s tic al _m 0 deI s . are pro p 0 s e cl t 0 des cri b e . 
the effect of the chromium and cppper etch times on the resist ; 

undercut. 

D 

, 
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CHAPTER 2 

CHARACTERIZATION OF'THE ETCHABLE SURFACE 

2.1 Introduction 

The pur p 0 seo f t h i s cha pte ris ~t 0 dis eus s the pro p e r t i e s 

of the metal s1,1rface that can influence the rate of c.hrollli-um 

JI ' 
etc. h i n g • T .h e m e a sur e m e.p t 0 f sur f a c. e r 0 u g h n e s sis m ad e t 0 

determine how the roughness of, the virgin c.eramic affects the 

thickness variation and roughnêss of the deposited metal 
f 

layers. ESCA (Electron Spec.troscopy for Chemical Analysis) is 

used to determine the compogition of the oxide layer that is· 

known to exist-o-n the surface of chromluro and its approximate 

thickness. In summa~y the objectives of the investigation 

d~scribed in this chapter are ta characterize the etc.habfe 
'. . 

surface in terms of : 

l"~ 

1 

a. The surface roughness of the metallized layers on 

~ 
c.eramlè and glass. 

b. The uni fo rm i ty in the me tal1i za tian of Cro and Cu~ 

c. The composition 'and approxiJll,ate ,thickness of the 

oxide laY$!r on the chromium surface. j • 

2.2 Materials .and Methods. 

Î 
A. Metallized Substrate Preparation. 

.... 
The experiment,s' in this researcÀ work used two types of 

c.hr;-omium sources : ~ 
o 

1) Chromium tiles (99.99 % pure) which .were 
, . 

8 

.. 

c 
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, \ 
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,,,,~ 

purcha8~d from Aysar Co. and the 

desired surface ro'ughnessj 

2) Meta1lized c e ra m i c S U 8 e d i n the exp e r i m'e n t S Q f 

this ,section and in 
~ 

th'e '1Dode1~ng exper.1ments 

chaptar 4. 
f 

--" Alumina ceramic8 (28mm x 28mm x 1.2mm) and glass slid'es 

w é rem e t a Il i z e d a t. a b 0 u t 2 5 b 0 C' and 1 m t 0 rra t 1 B M B rom 0 n t 

, '. 
Manufacturing plant usingia standard production scale ULVAC 

S put ter mac h i ne. The' mac h i ne i s des 1 g ne d tom e t a Il i 2! eth r e e .' 
. 

layers of metal on the s~me substrate. First1y th~ base chLome . . . 
1 a y e ris d e p 0 s i t e d top r 0 v ide ad he s ion he' t w e en the co p p e ria y e r 

and the ceramic. Second1y, a coppeT layer .. which 1s about 100x 

thicker than the base chrome la~er i8 depos1ted. Fina11y, 

. -. " 
another chomium layer ~s depos1ted on'~op of the coppet to 

provide oxidation protection of thê 'c~~r- and '~~o pr,ovlde a. 

1 a y e r. 0 n t 0 W h 1 c h P hot 0 r e sis t c a nad he r e • Glass slid~s were 
\ ~ 

metal11zed'in t'he same manner. The thin Metal films on the' 

glass élides have a lower surface roughness .... (and consequ.ently . ~ 
less background noise du ri ng thickness, measurement) than 

metal1ized ceramics. 

B. Thickne s s M e'asu re me nt. 

An Alpha Step 200 profiler described in [8·] was used to 

measure the var.iation in the thickness of the deposited' mp /a1 $, ~_. 

films on the glass slide. After deposition of'the .three Metal 
.t ' . 

layers, a gr id pattern wa/3 painted onto the surfac.e of t'he top 

chrome by me~ns of a fine brush. Ap~izon Wax (a petroleum 

distillate) 
;'j 

was used to protect the metal under the &rid 

1 i ne s. A ft e r the, gr id wa s for me d, the sI ide was dipped in 

concentrated HCL (37% /w) to remove the unprotected chromium 

7 
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</1 "' surface. Aft~r the part was rinse~ Iines exposing the copper 
r 

with distilled water, alnd 
, 1 

was 
.. 

dipped air d'r i ed, it in 

trichloroethylene ta rembve the wax. The thickness of the 

und i s sol v ~ d, e'x p 0 S e d ch rom i u ln 1 i ne s w a s me as ure d a t,. t ~ 2 5 

inter~ection points on the grid s~own'in figure 2.1. 
" 

,1 

méasurements were' made at each point from different directions 

t 0 g ~ tas ta t i s tic a 1 a ver ag e. A sim i l a r" pro ce dur e ~ a ~ use d ta 

me.asure the' thickness of ,the copper and bottom 'chrome. The., 

u n pro t e c t e d c 0 pp e rIa y ë r- w a s r e III 0 v e d w i t h con c è rt't ~ a t e d H N Os • 
; 

The.. Alpha Step 200 was cali-biated 'using standoards that ha"ve the 

same range in"thickness as the thickness being investigated 
.-

(500-1500 A and 65-80xx?Â). The accur~cy ot, the instrument was 

'2% • 

c. Surfac.e Roughness Meas\,lrement. 
/' 

1... 

" The Alpha 'Step 200 profiler was' used ta measure the 

sùrface roughness o-f. the following: cr/p· ~f on 

C rO, top· C rD 0 n 

c. Chromlum t i les at va rious deg rees of- ·pol i shi ng. 

The i n s t ru men t i.§ e qui P p e d with a 21mg stylus which' 

• < 
records the height of the peaks and valleys of the surface of .. 
the metai. In .~ach sample 10 readihg,S were taken st random 

areas over the sample surface. For these measureménts thé scan 

time was set at 8 s and the scan length at 400 pm. The 

ari thmetic. average of the surface was ' determined by averaging 

, ' 

aIl t he d e. v i a t'1 0' n s f ra m the a r 1 t h me t 1 c m e a n h e i g h t (f~gure -.... 

2.2). . , 

8 
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where 

..... 

• • 1 

.. through Yn = the ~bsol~te value ~f the difference t)etween the 
profile helght and y for each point between the 

° ,measureme'nt cursors., (This l, the deviation from 
the centerline.) . 

1 • 
y = the profile heights at the points between the 

• 0 • 

measurement cursor,:s summed ~ogether and divided 
by n. (The profile heights are relative to' the' first 
point of the scan.) " 'j .. . 

n"= the numbe,r of points between\fthe' meàsurement 
cursors. 

Figure 2.2 Caleulation' of Surface Roughness. 
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D. Determination of Chromium Oxide Comp~ition. 

The na tu r e a ad compos: t1 0 D of t"he OXid~ 0,0 the "h romi u m 
-

surface was ~etermined using ESCA. The actual measurements were 

performed at the "Groupe de Recherche et Technologie des 

Couches Minees" at Ecole Polyteéhnique in Montreal. The samples 

being tested were: \ ' 

\ ' 
Base chrome on ce~amic (B2); 

1'* Top chrome on glass (G1); 

Pure chro~ium tlles (T!). 

In addition to a broadscan of each sample surface at 0 to 

-1000 eV bind~ng energies, a scan from -537 to -·525 eV for 
./ 

the oxygen peaks, and a scan from -568.4 to -581.6 eV for the 

/ 
chromium 1 chromium oxide peaks were done. 

\... ... 
Using the infbr~a~ion from the sean results, which are 

1 
described in terms of the percentage of the total scan area 

related to a specifie element, for the oxygen and chromium 

'r e g ion, the' rat i 0 0 fox y g e tl toc h r ,0 m i .. u min the 0 x ide w a s 

o~tatne~ from the following jquation: 

'" -

. 
w)11re 1 l'and 12 

SI and S2 

no Il S2 
-. - (2.1 ) 

SI 

Ares of the peak for oxygen and chromium. 
Sensitivity factor for oxygen'and chromium. 

'. , --

t1 ) 

.. - l ",.~ rr,i V"li) 
.; 

~ 

r, J;~ 

d 
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Samples of metal11zed ceram1cs w~re produced us1ng the the 

procedure de8cribed 1n Z.2A. The 8amPteS were not cleaned by 

any degreasing solve nt nor by any degassing prodecure 80 as not 

to d~sturb the oxide layer on the surface. 

2.3 Re8ult~ and Discussion , 
--------------~-----------

A. Metal Thickness Variation 

ine pUfP~se of these exper1ments was to study what 

thickness irregularities can exist on sputter deposited 

-
met'als. Glass slides were chosen as the substrate for 

deposition because of their relative smooth' surfaces. In fact . ' 

no significant thickness v'ariatfon was' measured on the 

unmetallized glass slide. The results Qf the variation of the 

thickness of sputtered copper and chromium layers are shown in 

figures 2.3 through 2.8. Figures 2.4,,2,6 and 2.8 show the 

thickness contours 06 the 28mm by 28mm-substrate ~urface. 

Inspection dt t-he contours shows that the base{ chrome and 
, 

'copper have a similar surface topagrapy wh~le the top chrome is 
, . 

deposited uneve~ly orito one ~~d~. This last observation Vas 
" , 

·~·rt· ~~ .. ~~~ 

~ ( 1 t \, ~ 

~-~ 
made on several samples' taken randomly from a sputter carrier. J,,!,,/J 

f 

l , ' . , 
The min i m u m . t h 1 c k n e s sin ~ II l t, h r e e cas e sis a tan e dg e ,0 f the 

part that i·s in contaèt w1th the track of the carrier. This 18 

1 

a me~al strip }hat holds the parts 1n the 8putter,carrr1er 

~ -. 
during metal deposition. It seems that ~h1elding of the 

8 U b 8 t rat e b y the t, ra c k r è 8 U 1 t sin a n une ven d e p 0 s 1 t i o,n 0 f the 

t2 
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Figure 2.3 Metal Thickness Variation of Base Chrome on Glass . 
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Fh~'lre 2.4 Metal Thickness Contour of Base Cnrœma on Glass. 
(CcilNur Interval = 20 Angstroems) 
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Figure 2.5 Metàl ,-Thickness Variation of Copper on' Glass . 
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Figure 2.6 Metal Thickness Contour of Copper on Glass. 
(Contour 'nterva' = 2 KiloAng~troems) 
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Figure 2".7 Metal Thickness Variation of Top Chrome on Glas~. 

Figure 2.8 Metal Thickness Con-tour of Top Chrome on Glass. 
-<Contour Interval = 50 Angstroems) 
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metal. The average thlcknes
Q
s for the top chrome, copper 'and 

; 

base chrome -are 1224 A, 74 kA, 776 À 
o 

r els pee t ive st a nd a rd de v i 'a t ion s are 29 5 Â, 

respect1vely. The 
1 

11 ,kÂ, and 85 K. tbe 

range in thickness i8 respectlvely )070 A, 42 kA, and 237 Â. 

\ 
Figures 2.3, 2.5, an~ 2.7 give a 3 dimensiqnal qualitative 

ID 
depict,ion of. the metallization on Othe surface. The base chrome., 

has the roughest appearance over the ~ntire surf'ace while the 1 

top chrome is open to mo-re random metallization over the 

surface than the other, two layers. The randonl metallization may 

be occurring while spùttering the base chrome layer hut the 

deposition of the copper has the effect of smoothening out some 

o f the ~_ e a k son ) h e bas e ~ h rom e sur f ace. The 

MOSt uni.form app'earance over the surface 

copper has the 

because during 

s put Il e r d e p 0 s i t ion. The C uO mol ecu les g r 0 won the - sur f ace i n 

col u m 0 san d the t hic k 0 e s S 0 f the C uO i S 1 0 0 t i mes t h a t· 0 f 

éhromlum, thus any surf?ce imperfections or irregularities during 
« 

deposition are less likely to stand-out. 

B. Sur f a c"e Rou g h ne s ~ Var i a t ion. 
, 
J 

.[ 

The surface roughoess of the deposited metal b~yers on 

ceramic and glass are èompared in figure 2.9. As expected,the 

c~ra~ic before metallization has a higher surface roughness 

than the ,copper1and top chrome layers. Both the ceramic and , 

glass- slide 'IDetallization show srmilar roughness variations 

with the metallized layers. There is a negligible increase in 
\ 

\ 1 \ 
roû:g.h,ness (3%) with the metalli:zation of chromium on the 

~ 
ceramic and, a 70% increase with chromium 00 glass. 

" Statistically the roughness value betweeo the virgin ceramic 
o 

a n cl t h.e bas e c h rom e i s e qui val e n t but the d i f fer e n c e i n • 
• roughness betweeil. glass and base chropie on glass ls 

16 

ID . , 

f 



o 

~. 

o 

-. 

-E 
.:1 
~ 

If) 
If) 
~ z 
:l: 

" ~ 0 
la:: 

... . 

""" "" "\ .. ,. 

o.soo~----------------------------------~------~--------~ 

o.soo 

0.400 

0.300 

0.200 

0.100 

1 2 

, -VIRGIN.,2-BASE_ Cr.3-C~."'-TOP Cr 
IZZI CERAtllC ISSI GLÂSS 

~ 
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\ S 1 g nif, 1 Cl a nt. Th i s 1 a st r' ~ sul t 1 s 'a p par e nt -1 ri' f ï g ure 2.3 tha t 

J 

in fact the base chrome is very rough on the smooth glass 

surface. With the application of the copper layer on chrome,' 

the roughness decreases by ~ stastically sign1ficant 15% qn 
~ , .;. ~ 

reramic and 30% on glass. This!shows that the copper layer due 

toi t s , hfgher th1ckness does iodeed make the surface more 

uniform on both·ceramics and glass. The top chrome layer shows 

an increase in surface in roughness b_y 8% on glass llnd 1% on 

ceramic, however the roughness is still lower than th'e base 

ch rom e i a y e r. In bot h the ce r a.m i c and g 1 a s s sur fa ces the me a n 

roughnes~ between the copper and top chrome layers are 

equivalent at a 95% confidençe level. 

C. Analysis of Oxide Composition. 

ESCA was ~sed to determine the composition of the chromium 

oxide layer exisiting on the surface of chromium and to 

aetermine the approximate thickness of this layer. The 

knowledge of th~ oxide composition will help in formulating t~~ 

reaction mechanism occurring during chromium dissolution (to be 

discussed in chapter 3). 

Figures 2.1()a, 2.10b, and 

,t~e various chro'mium surfaces 

of ~e surface. Comparison of 

2."10c, depict a broadscan of 

for the elemental composition 

figures 2.10a, '2.10b, and 2.l0c 

for chrom1um on ceramic, cpr~mium on glass, and pure ehromium 

tHe respeetively, show that the elemental composition of the 

surfaces are s1m!lar. The major components on thè surface are 

the CrOpeaks at -45eV and -577eV and the oxygen peaks at -531eV 

and -74 3eV. , 

The presence of carbon in lar~e quan~ltles was mainly due 

. 
, to ad sorbed hyd roca rbOns on the su rface. The si lieon peaks in 

1. 
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Figure 2.10a 

ESCA Broadscan of Chrome 
on Ceram,ic. . 

" 

Figure 2. lOb 
{l 

ESCA Broadscan of Chrome 
on Glass •. 

Figure 2.1Oç 

ESCA Broadscan of Chrome 
Tile . 
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each scan are due to the silica ~n th~ ceramic and glass and' in 

the case of tile8, they arise fro~ resi'dues from the _polishing 

pape r. 

F: i g ure s 2.11 a, 2.1 1 b , and 2.11 e s b~w t·h e 8 e a n reg 1 0 n for 

• ,J 

chromium. In aIl three seans there are 2 peaks of ehromium. 

The first wh1ch occupies 8'5% of the peak area 18 at -577eV and 

18 related to chromium. bonded to oxygene The fteond peak at -
~ , 

57~.5 eV oceupying 15% of the peak area ls related to Cr metal. 

o / 
Ta determine the Cr-O bonding ratio a sean of the oxygen 

. \ 
in figures 2.12a, 

, 
re~ion was done and the results are shown 

2.12b and 2.l'2e 
. 0 0 

for' . C rD/ ce ra m i,e , , . C rï g las s " Cr t i le, 
./ . 

r ~ s p e,c t i ~ e l y • T w 0 p e a k s are 0 b s e r v e 'd ,on e i sap e a k th a t 

o c cu pie s 8 0 % 0 f the p e a k are a and i s rel a t e d t 0 0 x'y g e n bon d e d 

to carbon at -532.6 eV. The second peak qeeurs at -530 eV and 

oecupies 20% of the peak area. This peak is related to oxygen 

bonded to ch romiu m. 

The peaks of oxygen at -531eV and that ofchromlum at -577eV 
, . 

are interrelated. Using a. sensitivity factor of 1.5 and 0.66 

-for the ehromium (Cr(O» and oxygen (O(Cr» scan's respeetively, 

and e qua t i 0' n 2 • l, the 0 - C· rO rat i 0 was found ta be 

a p p' r 0 x i mat e 1 yI. 5 in' a Il t h r e e sur f ace s c ans. T h i s r e sul t 

indicates th~t within a 10% degree of error of the instrument, 

,tha~ the composition of the oxide is Cr2 03 • 

The approxim~te thickness of this layer 1s at least 50 A: 

sin cet h e de p th 0 f th è x - r a,y pen et rat ion in the s a III pIe 1 sin 

~ 
the order of 50 J.. \ 

D. Conclusion 

. The surface roughness of the sputtered metals 18 totally 

2è 
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Figure 2. lb 

ESCA Scan of Chrome 
Region on Ceramic. 

1 

Figure 2.11b 

ESCA Scan of Chrome 
Region on Glass • 

Figure ,2.11c 

ESCA ,Sèan of Chrome 
Region on Tile. 
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Figure 2.12a • > 

ESCA Scan of Oxygen Region 
of Cr on Ceramic • 

Figure 2.12b 

ESCA Scan of Oxygen Region 
of Cr on Glass. 
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Figure 2.12c 

ESCA Scan of Oxygen Region 
of Cr ~n" TUe 
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~ep~ndent on the substrate being us~d. Ketallization on a 

smooth substratè will have a lower surface roughness than 

that on a rougher substrate. With respect to thickness 

v'a r ia tians t .. he mo s t unif orm th ickne s sis 0 bse rved with copper. 

Th i s, r es u l,t in sur es ,'t h li t th e- c. i r cui t di men si 0 n son a c. e ra mi c. 
l' 

, ' 
,substrate wirl be unt.f~rm., 

, ' 

The top chrome sho",ws a ~arge variation in tts thic.kness , ( 
, 1 

which may cause dimedsi~nal problems of tpe copper layer. 

1 T h u s t h e~ etc h i n g o f t h i s,~ 1 a y e r mus t b e S u f f Î\e l,en t l y 
c:;... 

, 

overdesigned to t~ke into account this large thickness range of 
, 

metal on the part. Fin'ally the thic.kness of the base chrome 

shows less variation' than that of the' top c.h:oIlfJe layer. 

The ESCA results show that on th~ chromium surface there 

exists a layer of chromium oxide of -the form Cr2·oS. The 

thi~kness of this layer i,s deduced to be at least 50X. Thus 

the oxygen from the air must react with the ~~tal11c chrom1um , 

to form this continuous oxide layer. 
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CHAPTER 3 

,A ,KINETIC STUDY OF CHROMIUM ÉTClIING 
" , , 

3.1 Introduction 

The purpose of this chapter is to study in d~ thé 

- mechanism - and kinetics of ttfe di-ssolution oL chromi~um ,Metal i,n 

alkaline potassium permanganate. As mentioned previ~u~l~, the 

/ 

et,ching of èhromium is Inot on1y important to the proces,sing 

of meta11ized ceramics but also important in the manufacturing 

processes related to the production of chromium photomasks and 

in the etch -back processes for metal finishing. For the 

objecti~es of' 'thi' thesis, ,the chromium" etching mechan1s: <p.nd 

kinetics will be discussed as they relate to the etching of 
, , 

metallized ce~amic substrates~ 

Thus the major objectives of the experimenta1 work 

described in this chap+er are: 

a. To de termine the intrinsic rate 1aw for the dissoluton 

of chromlum as a function of temperature, IKMn04 J , IeraJ, 

[NaOH).' \ 

b. To formulate a reaction mechanism to de scribe the 
f 

\, 
i, nt e ra c t ion s ~ e t w e en ch rom i umm e ta 1 a nid the a 1 ka 1 i.n e 

D 
.t" 

'potassiu~ permanganate etchant solution. 

c. Toc 0 m par e' the e\t di rat es 0 b t a in e d o"y a la b 0 rat 0 r y 

scale eteher to the etch rates obtained from a commercial . 
scale spray etcher. 

3.2 Materials and M~thod5 .-

-------------------------- ~. 
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A. Preparation of the Etchant Solution. 

Toi n sur e a '-oC 0. n sis t e n t etc han t sol u t ion for e:a c h . 
eJt,perimental run, a sta'ndardized procedure was' established and\ 

followed fo-r aIl ---'eJtperiments. A spec.ifie amount' of KMnO. 

c rys taIs (reagent grade) was wei-ghed to the !lea res t 0.1 go The 

powder was dispensed into a 2 L Erlenmeyer flask •. A desired 

amount of, NaOH pellets (reagent grade), was' weighed out and 

placed into the flâsk. The soiTds were dissolved in 1 L of 

dIs t i lIe d w a t;~ r • The m 1- x t ure w a " s h a ken t 0 s t art the 

dissolution of the ,crystals. Once the dis-solution was complete, 

the so~ution was heated until the desired reaction temperature 

was reach'ed. The exaet concentrations of KMn04 and NaOH were 

determined as deS'cribed in 3.2B. 
, 1 

The etchant solution was then carefully poured into cthe 

r e a ct ion ve s sel wh i chi s des cri b e d in 3.2 D. T'h ete m p e rat ure 0 f .. 
the etchant in the reaction vassel was ontrolled to within 2-.1 

C and the solution was (weIl stirred predetermined 

agitation rate. To prevent the buifd-up 0 ','t;,he dissolved 

chromium from affecting the the thê etchant was 

~ "i> 

used for' a maximum of 5 
1 • 

eJtperimental runs whicfi Is roughly 

equivalent to 75 mgl L chronliu)Jl ion 'buil"d-upl'. 

B. ~nalysis of Etchant Concentration. 

, , f6 
The c 0. n ~ e n t rat ion s 0 f the dis sol v e d , ,C r, KM n °4 , and Na 0 H 

were were measured' usl.ng sta'ndard analyt~c.ar, techniques' 
f ' ~ 

described in [9J. The conçentration of c.hromium was determlned 

by measuring the oxidat'io,n':'reduc-tion potential (ORP) of the 

solution at a specifie t)mperature and, concentration of KMnO' .. _ 
t ( . 

and NaOR. The measured ORP was compared to a calibration curve 
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of ORP vs concentration of Cr~for the calibration curve shown 
ri 

in figure A.2.I in the Appendix the concentration of chromium 

i n the etc h • n t s ~ 1 u ti 0 n:f m e a sur e dus in g At 0 m ie A b ~ 0'-:,:-; t ion 

Spectroscopy. The chromlum powder used for the calibration 

'"" 
pro c e dur e and i n 8 e 'V-:,e raI rat e exp e r i men t s t 0 b e des cri b e d .' 

lat e r , 'W a s dis sol v e d i n a 8 e par a tes 0 lut 1 0 n 0 f K M n 04 / Na 0 H 

before it was added to the etèhant solution. The ORP method 

\ 
was used as a measure of the Cr"lconcentrat1on becaùse of its' 

simplicit,y, and its fast response time. This method ls 
, . 

'presen.tly being used, 1~ the manufact_uring .line at IBM Bromont 

as a measure of the Cf6build-up in the etchant baths. 

The ~oncentration of Mno'4' in solution, waB determined by 

--
titration with a standardized solution of FeS04 ·-7H20 until the 

end~point was reached (a change in col our from purple to paie , 
" , 

yellow)~. The titrant was prepared by diss~lving 140.05 g FeS04' 

7~20 in 750 ml of distilled water and 30 ml of 7N 'H 2 S04 • ~ 

solution waB then diluted to 1 L in a volumetrie flask which 
• 

was then allowed to )stand at room temp'erature for 24 hours • 
bef 0 re use. Si nee Fe+2 is oxidized by oxygen, the ti t ran t 

'waB standardized with a standard 0.100 M K M n 04 ,( a cid i c ) 

solution, purchased from Canlab, before it was used in any 

titration. 

The concentration of MnO;' in the etchant was calèulated 

from the following equation. 

~ ,( 
/ 

To determine the 'concentration of 

solut,ion was titrated with a solution of 1.00N Hel. unti]., the 

equivalence points were reached. The 
• 

equi va~ce poInts were 

~easur~d using a pH met~r calibrated w'ith pH buffers -at pH 10 
t 

/ ,26 
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and pH 2. The concentration of . CO -;2 a X; e .. _ cal cul a te d 

from the following equations: 

OH-'(g/L) 
C~2, (g/L) 

-(2A - B)x(1.6) 
.. ( B - A)x(4.2) 

where ; A - mL of 1.OON HCl used to attain'pH 8. 
B .. mL 0 f 1. 00 N H C Jus e d t 0 a t t aj! n pH,.4 ~ 

(3.2) 
(3.3 ) 

~he accuracy of these titration methods are within t 1 

g 1 L w h,i c-h i sad e q u ~ te for the exp e ri men t a lob j e c t ive s 0 f th i s 

the'sis. 

C. Determination of the Dissblution Rates. 

In a typical experiment, one or two tiles w.ere placed. in 'a 

plasti~ frame which hèld the chromium tiles br their edges. 

only. The frame then was dipped into the .etchant solutYon -in 
.~ 

the rotational etcher and held there for a predetermined time, 

after which it was removed and d1pped immed1ately'jn 85 g/L 

oxalie actd to quen,eh the reac.tion. The tiles were patted dry 

to remove excess water and then were stored in a dess~cator at 
.. '1 

a Il . t i mes. 1 n a Il ra t e exp e r i men t s, the r e a c t ion t Lm e 6 were 

0.5, 1, 1.5, 2, 2.5,,3, 4, 5, minutes. lt should be noted that 

different tiles were used fQr eaç-h l'eaction time. The ~hange in 

the mass pér unit surface area for each tile was then plotted 

against reaction time to derive the',etc~ rate (section 2.3A). 

Til e s 0 f 2 c m x te m x 0.3 cm. 0 f 9,9.99 % Cr met a 1 we r e 

pa~sivate~ w1th Apeizbn wax o~ aIl s~des exeept one to prevent 

t~e d1ssolytion of fhromium from more t~an one side. To ob tain 

a" surface roughness.o'f thé tile equivalent to tha:t of a ceram'ic 

, _ su b s~, the a c t ive si de 

grit papal to get a surrace 

of ,the ,tile w'as polished ~ith 

roughne ss Jf 

27 J( 

0.46 f. .05 pm. 
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The ehromium dissolution experiment8 for the determination 

of the rates were performed ;t a,temperature contr*olled CPVC 

(Chlorinated Polyvinyl Chloride) reaction v~ssel. CPVC was used 

for its relatively good che\œical resistance' to the etchant. 

The solution whose volume was maintained at IL t SmL in the 

reaetor w a s con tin u 0 u s 1 y agi t a t e d a t~ 1 50 0 r p m ( Bec t'ï 0 n 

2.3B). A laboratory Beale mixer was used and the agitation 
. 

speed was measured using a tachomtter. The reaction vessel 

henee'forth w,ili be called a rotational etcher because of the 

high rate of impingement of the etcbs.nt on the substrate~ 

surface. 
1 

The etc h 1 ri g t 1 m e w as k e ptt 0 a m a x i mu m '0 f 5 m i but e s 

because 1t was found that the surface roughness would not 

.change s1gnificantly within this time range. To insure that the 

.. 

surface roughness was constant from each experimentsl run and 
L 

\çomparable to o t~e roughness of a c~ram1~ubstrate, 

were repolished before a new e~periment waB perfQrmed. 
! 

'i{ 

-~­
Resul t s'and Di scus sion 

-------------------~---~---, 

A'. Calculation of Etch Rate. 

the t 1.1es 

When the amount of ehromlum etched per unit surface area 

was plotted against time, a '1:urve sucb as the o?e shown in 

figure 3.1 was obtained. In ove.r 55 differenf experiments 
,r 

e a l''r i e d 0 u t a t var i 0 use t cha nt con d 1 t 10 n s, the sam e t y P e o.f 

dual sioped curve was obtained as the one in figure 3.1. In' 

generai the change 1n the slope of the lines occurred w1thin 

the first- 120 seconds. 

these, results and further e~perlmental evidenee descr1bed ~ 

28 
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e~apter suggest that tvo different heterogeneous 

reac.t:ions .are oec~rring.o The 
\ 
\ 

firat 
1 

. 
ia related to the 

d1~solutiDn.of the Cr20a ox1de layer 4nd the sec.ond react10n 1s 

the oxidation and dissolut~on of the underlying chromium layer. 

Thus the etch' rate was ealcu"lat~d for aIl rate experiments"in 

two steps. The intital rate (ri ) was caleulated from -the .. 

slope of region 1 i?figure 3.1 and the sec 0 nd r ~ t e ( r ) 
><.' 

W as' cal cul a t e d f rom the' 8 I 0 p e. 0 f reg ion l lin fig ure 3.1. Both 
~ 

r'ates are expressed ion mmoi Cri m~s • 

B. 
. 

Detèrmination of the Conditions for Kinetic Control. 

(i) Resu.l ts 

lt ls a weIl known fact that w1th any heterogeneous 

reaction, and in particular chemical etching methods~ there 18 
\ , 

'8 boundary layer b~tween the 'fluid and the surface of the solid 

[3;4,5]~ In order for the metal to resct with the oxidizing 
1 

agent, the latter must diffuse through the boundary layer, 
• 

\ 

react w~th the metal to cause its ~issol\ltion, and then the ~_ 

spent reactant and the di8solved metai must diffuse through the 

'" 1 a y e_r tom i x ~ i th the bu 1 k ete han t ph as e • If th e- rat e 0 f mas 8 

transport through the boundary layer i8 much smaller than the 

rate of the surface reaction, the process is mass transfer 

cont-rolled and the measured rates are not the intrinsic rates 
.. ~ 0 ~ 

" 
of the~ reaeti.on. S Ince in the Jjotational etcher, the rate of 

, 
~ ma8S t~an8pott 'from the liquid to the solid surface increases 

with in7reasing rotational speed of the impefler, it is 

expected that the rate will be lnvarian~ above a certain the 

rotational speed. 

In this first series, of, éxperiments thê ahromium etch rate 

(region II) was determ~-nedo by the. proced~re'~lL.~D. The chroml'~m 
tiles were etehed in the 'ro>tationai eteher at various agitation 

30 
._ -l 



o 

o 

• 

o 

rates)'f the etchant solution. The result-s are plotted in 

f1gure 3.2. At zero,agitation the rate ls mass transfer 

con t roll e d t h u s the e t c'h' rat e is 0 b se r v e d t 0 b eth e 1 0 w est a t 

° .8 3 m mol CrI J- s. A s the rat e 0 f a g 1 t a t 1 0 n i ne r e a 6 es, the 

th1ckness of th~ boundary layer 16 decreased wh1ch 1n turn 

increases the rate of mass transfer. Stat1stlca1ly the 

mean etch rates at 0, 70Q, 900 and 1100 rpm are d1fferent at a 

95 % confidence level. However the mean rates at 1100,1500, 

1700 rpm are statist1cally equivalent. Thus there i8 a point 

,after 1100 rpm agitation where the physical etching system has 

no longer. a significant effect on the etch rate. This 

i n d 1 c a tes ~t h a t a t an agitation rate greater than 1100 rpm" 
" 

k~netic control of the etching react10n i~ occurr1ng. This also 

means that the bulk concentrations being measured by titration 

are the same as the -concentration of the etchant at the 

6ubstrate surface. 

o 
(il) Discussion 

In diffusiona! controlled etchlng the surface , 

concentrations are far less than the measured bulk 
.. 

con c en t rat ~ 0 n s _ t h us the 'to b s e ~ v e d etc h rat es are l 0 w e r • Ina n 

indu~trial scale etcher such as the one used at IBH Bromont, 

two typest of nozzles are u6ed: full flow fan nozzles'j and 

- eonicàl nozzles. The spray pressure 18 b,etw'een 120 and 160 KPa 

a tan 0 z z l e - t 0 - s u b s t rat e d 1 s tan c e 0 f " 1 8 cm. For . t h.e sam e 

reae.tant concentrations (0.41 m0.(lL KMn04 ~ 0.50 0 mol/L NaOH" and 

39°C) used to obtain the data shown in figure 3.2 bulk etch 

rates for chromium are known to be 1.22 mmol.Cr 1 ~- s , 

2 lI" .98 mmol Cr 1 m-s respectivel')' for con1cal and fan noztes • 

nozzles y1eld better etch unlformity than conleal nozzles 

Fan 

but 
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Figure 3.2 Variation of Cr Etc:h Rate with Etchant AgitatioQ Rate . . 
(KMnO" = 0.41 mol/l, NaOH = 0.50 mol/L, Cr = 0.29 mmol/L, 39°C) 
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the etehant flow eQ-the su~face is less. Thus the boundary 

.. 
)ayer is thicker on the substrate surface. 

r- By eomparing the two spray etch rates mentfoned ~bove to 

t~ etch rates obtained by rotational etching ahown in figure 

3.2 one observes that the rate of etehing with fan nozzles is 

equivalent to a ro'tational etch rate at 250 rpm. S'imilarly 

wi,th conieal nozzles, the equivale,nt etch. condition "is at 620' 

r p "m w i t h rot a t ,i 0 n ale t chi n g. l n bot h cas e son e s"e est h a t the 

etch rates are :in the region of the curve where transport 
,- , 

effects control the etch rate. 

C. Surface Roughness and·Etching. 

(i) Results o 

The effect of surface roughness on t~e rate of the 

dissolution of chromium will be discussed in this section. 

Figure 3.3 shows the rate of etching at various surfa>ee 

roughnesses. For this experiment, chrome tiles were polishea at 

various paper grits (table A.2.3), then the roughness was 

measured according to the procedure in 2.2B. the rates were 

measured acc,ording to procedure 3.IC. The rates expressed 'in 
'~ , 

o 
figure 3.3 and ,aIl subsequent figures ls the rate per unit 

apparent surface area which is the geOometr:ic surface a~~a of 

the tile and doe"s not inelude the effect or porosity nor 

surface roughness. 

The results show that the rate of the reaction depends on 

·~he surface of the c~romium sample. is tbe roughness increases, 

the' etchant becomes exposed to more r~actani: ,nd consequently 

the rate of ,etching increases. The s1gnificant etch rate 
. 

incréase occurs b'etween 0.05)lm and 0.13 pm roughness. After , 1 
this jump, the rate remains relatively constant and is not 
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af~ect~d by the surface roughness. This last result 1nd1cates 

that there 1s po1nt where the etch rate 1s- not a strong 

funct10n pf the e!feetive surface ~oughness and other 

limitations to the system such as etchant concentration and 

temperature peeome overr1d.ing factors. 

(11 ) Dis cu s s Ion 

In Chapter 2, a co~parison between the surface roughness of 

chromwm on glass slldes and ceramics was m~de 1n figure 2.9. 

Us1ng this data and 'that of figure 3.3, th'e rate of etching of 
. 

top chrome Is 75% hi,.gher on ceramlcs over glass slldes. 

Similarly the etch rate of base chro)ne on ceram1cs -JÎs 63'% 

h i g h e r t han 0 n g l'a SiS s li des. T h usa s u b s tan t 1 a 1 d e ère a s e 1 n 

etc.h fate will be observed if glass is ""sed as a substrate 

medium rather than alumina ceramies. ln the manufacturing of 
, , 

ceram1cs, there 1s usually, a thin glass lam1nate placed on 

the a c t ive sur f ace. 1 f th i s g las J; 1 a y e r ,1 S' sot hic k th a t the 

roughness of the ceramic 18 reduceq , th~He will be 'resldual 

metal defects on. the produc.t due to reduced etch rates. Thus 

the thlckness of the glass laminate below the base chrome has 

to ~e carefully control1ed. 

TI:te s\1rface rougl1ness of ceramics· at"O.47 Jlm lies in the 

plateàu regiop of figurè 3.3 •. To eliminate one __ more va~iable 

f rom the ~ i net i c s t u d y t, h e sur f a c. e r 0 u g h ne s s 0 f the t Il e B w a ~ 

adj u B t e d t 0 0.4 7 JI m P"I' 1 0 r t 0 the rat e exp e r i men t B • 1 t B.h 0 u 1 d 

a1so be pointed out that the surface roughness during a ~ 
1 

m 1 nu t e dis Bol u t ion e'x p e r 1 m e n-t rem a 1 n s the B a me. Fig ure 3. 4 
" 

~vea1s ehe,effe~t of eteh time on the surface roughness of tf 

substrate. The roughness change between 0 and 5 minutes eteh 

t1me 18 8 % whlch Is a statlst~ca1~y Inslgnlficant change. 

~ 
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Plates 3.1 and 3.2 show q-ua11tat1vely that tllere 18 no 'c.hange 

i n the a p p e a r a 0. c e 0 f the 8 u r f a Co e 0' f the sam e' t 11 e etc h e d a t 1 

'and 5 m1nutes. 

D. Propos~d Mechan1am for Chrom1um Etch1ng. 

The etc h 1 n'g 0 f 'c h rom 1 u m w i th a n al k. al :1 n e pot a s s i u m 

p e r ma ng-a n a t e solution 

he~erogeneous solid liquid 

d e pen d a' 0 n the ,c. 0 m pIe t,) 0 n 0 f a 

react10n which causes the 
• # l '(.) ~~ 

d~SSoluçion of ~he chromium Metal. Prev10us work 10. thi)rea t> 

h as 1 e d 1:'-6---t-h-e- -" for m u 1 a t ion 0 f t w 0 r e a c. t ion pat h'W a y sne 0 f 
1 -

which have been proven exper1mentally to repreae~ the etching 

of c.hromium met al by a solution mixture o'f KMn04 1 NaOH. In the 

first hypothesized mechanism 10. [Il], the firat atep of the"' 

r e a c t 10 n 1 s the 0 x i d a t 1 0 n 0 f cres) to c.hrom1um hydrox1de: 

*P Cr(OH)3 + MnO, + OH-t 

(9) . (s) 
, 

" 1 n ste p 2, the o'x 1 d a t 1 0 n 0 f C\r + 3 to Cr+6 and dis,solut'ion of 

C r+6 1n ba s e t(lkes' place. 

Cr(OH)3 + 
(5) 

Thus the ~verall react10n 18 g1ven)by: 
> 

2 MnO.;' 
eaq) 

J 
,~ 2MnO! + 

(5) 

The a e con d mec han 1 s m s t u d 1 e d i n [5 ] 1 s s 1 m 11 a 'r t 0 the 

fir8t me~hanism however instead of the oxidation of Cr+ 3 to 

+6 Cr b e for e dis 8 01 u t 10 n 1 n ste p t w 0, the h y d rat e 0 f ch r 0 m'i u m 

Cr(OH)3 1 s d'i 8 so 1 ved 1 n ba ae a$ C t;+3 and then ox1di zed f rom 

Ct+3 to crO .. -
2

(Ct+6
). However the overall react10n and' the 

sJ(01c.hiometry 1n both mechanisms 18 the same. 
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Plate 3.1 Chrome Tile Surfac'e After 60 sec Etching. 

'1 
) 

,/ 

Plate 3.2 Chrome _T.le Surface After 3QO sec Etching. 
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~In1tial experiments whi~h eonsisted of the ESCA analysis 

))'f th\ s~rf'aee:., of ehromlum tiles (sec:tlon ?3D) showed that 
/ 

th ère ex i st saI a ye r 0 fox ide 1 n the for m 0 f C r2 0 3 0 n the 
... 

·surface of c:hromlum. Thus.the above .eehansims are defieient in 

t h a t .' the y don 0 t t a k eth e dis sol u t Ion 0 f the· C r2 0 3 1 a y e r 1 n t 0 

,aecouet. Koreover when a, Cr !ile was plaeed in an e~chant 
, At! ' ' 

IV -' 

soluti~~ at pH 7.2 with out any .aOH, no dissolution of 

chromium.was observed for a 5 minute reactlon time. The ORP of 

tHe e t 'c han t'" sol u t 1 0 n und e r t h 0 sec 0 n dit ion s w a s m e a sur e d' a t 

about 800 mV. A consultation of the pourbaix diagrams (figure 

,3.5) i ndiea ted that the aqueous ehromium SP\C1es. 'present ,~nder 
, -2 

these cond1t~ons is Cr04 ind1cating that the dissolution of the ' 

chromium shou1d take '-p1acè. However the presence of the oxide 
, 

1 a y e r r e't a rd s the dis sol ut ion 0 f the ch r'o m i u m w i th i n the 

eXP7rimerttal tlme. 

Fi na Il y_, 

3.1 where two 

.. 
the effect of the ox1de layer 1s seen ln f1gure 

. j 
distinct kinetic regions are observed. Kine~ic 

, , 
experiments in each' regio'n (fo be discussed Iater) reveal thaL 

'» 

the rate of dissolution in region 1 is depende'nt . ' 

(, n the con ce nt ra, t 1 0 n 0 f Na 0 H only and the etch rate in 

i l l i J d d h M nn~1 and' dis sol v e d reg on s epen ent on t e· "4 

c:onèentr~tions on1y. As p~ed~cted by the Pourbaix dlagrams 

[12], the presence of CrO;2, Cr*3 , and MnO;' were c:onfirmed by 

iofn ch roma t og raphy analy si s of t-he et cha n t sol u t ion. 

Based on the data, the observat,ions and th~ consultation 
, 

of the chrom1um and manganse 

reaction .pathway. Is proposed. 

"-two solid -11quld reactions 

; 
chemistry in (12), the following' 

l , 

The etching of chromlum f01lows 
1 

the first is rèlated to the 

dlss01ut~n of the oxide film and the second ,1 reaction 1s 
/ 

rel a te d t 0 the 0 xi d a t ion and dis sol u t ion' o'f the lU n der 1 yin g C r 
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'metaI'. The fi rat heterogene,ous reaction 1s: 

- ( 

The second, so11d /liquid reaction involves the 'oxidation 

of the Cr metal and its dissolution. The final stoichometry 1s 

- the sa~e as that p~oposed in [5] and [il) • . ' 

Cr + 2MnO;' ~ 2MnOi + cro;2 
(S) (Bq) ,8) (aq) 

.- -
Now that the basic interaction between chromium an'd 0 

potassium permangnate and sodium hydroxide hal'l bee n 

establlshed, th.e re,st of the chapter will be devoted to 

determining tho factois that affect the rate of re.~tion in the 
\ i 

two etching regions. 

E. Effect of [~aOH], [KMn04 J, [Cr} 'on r, and r. 

\, 
The ,d a t a f rom the (~r s t set 0 f exp e r ,1 men t s w a sus e d t 0 

determine the effect of the concentration of 
.1 

M nO" , and 

dissolved CrO.;2 exp'ressed as Cr+6on t-he initial rate ri and r. A 

2- level Box-Behnken experimental design was used to determine 

,the significance of the concentrations mentioned above on the 

i nit i aIr a ter l'a n d r • The r' an g e ,0 f con c e n t rat ion s 0 f the 

re.a.c tan t's we re : 

N aOH : 0.25 - 0.7 5 "';01/ L • 

0.32'''' 0.45 moll L. ,-
. 

Cr :' 0 0.019 mol/Le 

, 
These part1cular c~ncentrat1on' ranges were chosen since 

\, 

they are appl~cable to the etching pro.c.ess at IBM Bromont. The -

, .. , 

• a 
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dètailed experimental conditions for éach run a nd the 

calculated, rates (ri and r) are tabulated in A.2.9 in the 

Appendix. 

Using.the data from the Box-Behnken experimental design a 

line~r lst order model for the initia'l 'rate r. was fitted - in , 

... 

r, , =' 6.11 + 1.86 Ca + 0.11 Cb + 0.97 Cc (3.4), 

where-
, ' 

.: r, = initial rate (mmol 1 m2 -s). 
Ca = concentration, of NaOH in mOl/La 
Cb = concentration crf KMnO" in mol /L. 
Cc = concen t ra ti on of C rO;2 exp re s's ed as Cr";6 

An analysis ·O'f variance (ANOVA) was performed on the fitted_ 

data and 18 outlined in App'endix 4. The rasult of the ANOVA 
/. 

r e v e ale d t h a t the lin e a r m 0 deI fit t h>e, exp e r i men t a 1 d a t a but, 

the on1y significant coefficient' was thai for the concebtration 

of Na'OH. \ . 

'Since reaction rates normally f_ollew a power law 
\ ' 

relationship with reactant ~oncentrations a non-1ine~pel of 

a ~ Y · the form r, =:; k Ca Co Cc was also fitted resulting in the 

followlng linearized réla~ionship: 

. l'n 'r , = 0.63 + 0.79 1 nCa + o. Cl 3 1 nCb 0.003 InCe 

.' 
) 

/ 

\"-
As in the p revi_ous case. the non-l inear model ~~~ fit the ~ata 

but ,the only significant 'coefficient at '95% c"onfidence interval 
~ 0 

was that of Ca' 

A similar statistiea! procedure was performed on the rate 

data f..or r. A linear'l model was fit ted rn the f orm : 

r .. 0.16 + (3.6) 

, .-
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A t-test for the slgnlflcance of the coefficients re~ealed 

th a t - the co e f fic i e n t for Ca' w a sin sig nif i ca n t ~ a t 9 5 %. 

eonfidence level but the coefficients for Cb' and Ce were found 

1:0 be signlfieant. A non-linear model of the form l'- k C~ ce cJ 
was also tried -but-·the sta.tistical analysis revealed that the 

) 
tIJoael did not fit the data. 

? 
< .. - "Based on' the Box-Behnke'n" expe'rimentlll 

statistical'analysis of data, the initial ra~e 

a,nd 

r-, has been 
1 

,shown to depend only on the NaOH concentration while r 

dep,ends 'only on the concentration of KMn04 and Cr. 

1 
F. Determination of the Intrinsic Rate Laws. 

. \ 

The Box.-Behnken experi mental design can only be used to 

determine which independent._variable has a significant effect 

on the dependent variablès. Tl!is expe~:imenta.l~ desi.gn cannot be 

rs e d t 0 d ete r min e a rat e 1 a w • ~\ 1 r Thus the ne'xt set of experimeqts 
1 

ù / ' 

were performed by varying 
J ~ '-' 

the concentration of one species 

while maintâining the other two concentrations constant. 

Since .r l dependfs only on 'the concentration of N'aOR, The 

rat e wa s me a sur e d a t var i 0 us con ce nt rat i o.n s 
• 0 

of NaOH at 43.C in 

thi rotational etcher. Thè results are shown in figure 3~6. The 
, , " t 

.~ 

plo't sflows a linear v~r~iation in ri with NaOa c·oncentration. 

T 0 Co 0 n i i r m th i s o'b sel' vat ion . a lin e arr ~ g l'es s ion 0 f the da t'a 

was , 
j, ......... 

performed res~lting in the' folldwing iel~ti~n: 
'" 

rt - 1.97 Ca + 0.04 (3.7) 

". 

'A, non-:- linear model of th'e form ri - k 'C~ was' also. fitted 

to determine -fhe order of the reac.tion .. The resdlting relation 

i8 
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Figure 3.6 Variation in Initial Rate·with C~ncentration of NaOH. 
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083, 

1.8 CaQ (r-.98) 
.. 

- ~; 

(3.8) 

The't-test showed that the coefficient was signiflcant a~ a 95% 

confidence level. The c.onfidence interval, was calculated for 

the c.oeffic.ient in equation 3.8 and was found to be between 

0.6'6 and 1.04. One also observes in equations 3.7 and 3.8 that 

th~ rate constants do not differ mâc.h. 

Figure 3.7 compares the ~xperimental aata to both th~ 

linear model in equation 3.7 and the non-linear model in 
o 

e qua t i 6 n 3. 8. Ani n s p e c t ion 0 f the 0 t w 0 c u r v e S s h 0 W s· t h a t the 

linear ~odel fits the experimental data better than the non­

linear model. Therefore the int.i~sic rate e'xpression fior oxide 

dissolution is expressed as :. 

ri = 1.97 Ca (3.9 ) 

where: 1 .9 7 (L / mol )( m mol C r / m2 - s) @ 4 3 oC. 

T 0 de ter m i b,e t-h e rat e exp r es s ion for r , exp e ri men t s w e r e 

performed where the c~cen,tration of KMn04 was varied at 

constant NaOH and dlssolved Cr concentrations. In the second 
«::a 

series of ~xperiments the concentration of Cr was varied at 

constant f{aèJH--::.and KMn04 c.oncentrations. The results for the two. 

series of experiments are shown in f-i g ure s 3.8 and 3.9-

'/espectivel Y• 

In figure 3.8 a li ne a r i ne r e a s e '1 n r w 1 t h in c. r e a sin g 

concentration of KMn04 i S 0 b S e r v e d. 1 n fig ure 3.9 a 1 in e a r' 

~ 

decrease ln rate with inc.reasing dissolved Cr concentration 18 

observe~4 ~he 11nearity Is seen between chromium concentra~ion 
/ 

of 0 to 0.020 mol/ L. A-fter this point the'rate levels off 

at 0.023 mol/Le 

, , , f 
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Using the experimental data from thè two sets of isolated 

exper~mènts shawn in fig_ures 3.8 and ,3.9 the coefficients for 

the rate expression'wer~ ~stimated. 

model of the form: 

and a.non-linear model of the ~rm:· 

f3 'Y . r = lt Cb ~c 

. 
A fit of a firs~ 

1 • 

.1 

j 
r 
r 

~ 

was attempted. The linear expression 1s as follows: 

r :;. 3. 9 1 C b - 5 3 • 6 1 Cc 

, 
Similarly the non-linear model is 

arder 

(3.10) 

(3.11) 

Statistical analysis of the variance for each model 

showed that the linear m,&l,del fit the experimental" data but 

the non-linear model did note In the linear model both 

coefficients vere found to be significant at 95i conf~dence 

interval. The react10n 1"s first order wiÇh respect to KMn04 and 

first order with respect to Cr. The resulting rate expression 

applicable to t~e éoncentration range of KMn~ from 0.16 to 

0.57 "mo/L and to the concentration' range of Cr .from 0 to 19 

mmol IL 18 : 

53.61 Cc (3.13) 

where: k 2· 3.91 (LImal) (mmol 1m2 -8) 
k 3 - 53.61 (L/mol) (mmol Im"{.s) @ 43 Oc 

The estimated rate from th18 model a10ng w1th the non-

linea--r Dtodel 18 plotted 1n:figures 3.10 and 3.11 along w1th the 

experimental data. One observes in both plots that the linear 
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expre ssio'ns fit the exeri mental d a ta noticeably be t te r than 

the non-linear expressions over the entire concentration range 

"2 of KHnO" and CrO",. 

G. Effect of' TemperatQre on the Rate. 
J 

Assuming 'that 'the temperature dependeneies qf the rates of 

the reactions taking place in the dissolution of the oxide and 
, 

Cr follow the Arrhenius law, Arrhenius plots were made based on 

experimental data where ri and r was measured for temperatures 

in the range of 20 tO,60oC. 

Figure ,3.12 shows that the relation between ln k, and liT 

is linear. Fro'm the data, a linear regression was performed to 

es ti ma te tpe apparent ac t 1 va t ion, ene rgy E; 
, 

from the,slope 
. 
off i g ure "2. 1 2 and the a p par en t f r e cf u en c y fa c t 0 rA; f rom the 

\ 

'y' i~tercept. For the rate constant k, the expression relating 

k, to tempe rature 18 : 

k, ... A; exp [-E 1 / R T ] • (3.14) 

k f - 4.0 5 ,x 1 0 8 
, exp [ - 5 • 0 1 x 1 0'" / li T 1 (3.14a) 

1 

A", - 4.05 x 10<8V--{\t'mol(mmol Cr /m'=-8) 
E", .. 5.01 X 10 4 (J/ mol) 

For the réaction rate r tbe expression relating k 2 to 

t é 1!l P e rat ure w a s d ete ,r min e d f rom the d a t apI 0 t t e d 1 n f 1 g ure 

3.13. One ott·serves in this figure a linear'variation in ln(k2) 

with liT. The Arrhenius equations for k2 i8 : 

k2 • 4 .6 4 x i 0 3 exp [ l .8 6 x 1 O~ R T ] 

l2 • 4.64 x !--Û' LI mol (m1ll0l Cr i m2 -'s ), 
"i2 - 1.86 x 10 JI mol 

(3.1 S) 

,. 

J 
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2.4 'Conclus,ions 
o 

The development ,snd use stional etcher has 

spparently increased to rate of mass ~ran fer of the etchant to 

the chromium Cr surface to the point where the rates that are 
~ 

being measured are actually the intrinsic rates of reaction. 

The sur fa ce r 0 u g h n e's s 0 f the met al do e s ha v e an e f f e c t on l'V 

the rate of Cr dissolution. The signifi of surface 

roughness on the etc~ rates occurs at roughnesses between . ~ 

0.05 and 0;13 pm. At higher surface roughnesses of the 

the effect is less 19nificant and other 

limitations to the etching system b~come the overriding 

factors that affect the etch rate. 

From the experimental data one erves two separate solid 

-!iquid reactions occurring during he etching of Chromium. 

The initial rate which i8 relatid ~ the dissolution of the 

oxide layer i~ a first order react on with respect to NaOH 

concentration and followa the fo~low1ng rate law: 

• 4.0 5 x 10
8 
exp [ - 5.01 x li4/RT1 Ca (3.16) 

1 
,~he experimental data has' shoy,n the the dissolution of the 

C rO w i t h M n 07 i 8 i n f 1 fi e n c e d bot h b Y, K H n 04 and ë i s sol v e d Cr a 8 

-2 Cr 04 • The rat e 1 a w for Cr) is expressed in the following 

relation ~hich 1s valid for concentration of KMn~ between 0.13 

mol/ Lan dO. 6 D mol/ Lan d Cr co I\,c e n t rat ion s b e t w e e n 0 and 1 9 

mmol / L. 

r· 3.9 1 Cb - S 3.6 1 -te st 43 ~C. (3.17) 
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CHAPTER 4 

CHROMIUM AND COPPER ETCH PROFILES 

\ 4.1 Intro,duction 

The pu rpose of e tch;1 ng ch rome and eo.ppe r f rom me talliz ed 

ceramics 1-8, to produce a circui.t pattern that' will eonform to' 

certa'in dimensionai specifications for the fi'nai product. The 

ra~ge Qf'electrode dimensions df parti~ular concern ~o 

metallized ceramic.s is 

circuit manufacturing the 

25 - 50 }lm. Ho~ev,e'r in ,i'ntegrated 

e 1 e 'c t r 0 de' d i men s ion s are t y p~~ a Il yin 

the range of, .1 - 1 pm. With this type of reso1ution, wet ' . 
. 

che,mical etching methods are not 'used. 

To achieve the one micron and sub-m-icron ctrcuitry, dry, 
.... 

1 
plasma assisted )techniques such as sputter etching, plasma 

• , oP 

- etching and reactive ion etching ar~ used [ 1 3·J. The à d van t li g es 
• r", • 

of th€se techniques are in th~ control of the etch profile and' 

in 
• '1Y 

the control of resist undercut .• Chemical eç...ching techniques' 

such as dip etching, bubble et'Ching and s-pray etching lead to 

• 1 ~i1. r. ~ prof 110. due to the d if fu.ion and re.~,~~n; 
." 

mechani'sms occurring, at the Metal 
~ 1 n 

dir,\e..ct~o~al (ts,otrop!,c) eté~ling .. In 

'surfâce causing equi-
1 

c~mi~rcial appIi~ations, 
. " , 

. spray etching has the ~astest rates and the best control of 
• ô 

und.erc~ttin·g"among the 'choemical "etching meth'ods menti()one~ 

, " 
above~ The reason for the highér rat~s Is the high'impingement 

t -

ont hem e t a 1 sur f ace a n d- t'tl e h i g h' rat e" 0 f , of the etchant 
• .. -- ' . solution rep1enlshment [14]. However the boundary layer on the . . . 

met a ~ sur f ace l 'S no t C 0 m pIe tel y rem 0 v "d' a t no r mal 0 p e rat 1 n g 

pies su'res (I 20-160 KPa). d 
.' J 1J . 
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In .this chapter v.arious etch J p~ofiles common in' thfi" 

~roelectronies industry ~ill be discussed. A .comparison of 

\ the' etch profiles p'rod'uced* b~ spray etching and the, etch ' 
o 

profiles produced by rotat'ional etching (a methèd develop'ed 
Q l 

during the course ','of thi's research ) will be. made. 'TlLe effec't 

of Othe etch times of top chrome, copper, and 'base ~hrom'e on 
1 

the undercut of the resis~ will be studied. In this study, , 

metallized ceramic substrates with nominal electrode widths of 

25 IJrn were used. Finally the three' common etch profiles . ~ 

pro~uc~y_. we 1 an'tl dry etching tmethods are describe~~h~ 

objectives of this chapter are summa,rized belQw: 

~ 
a. To deterrnine the inter-relation.ship between Cr/Cu/Cr 

etch times on the resist undercut. 

• 0 

b. To describe qualitatively the possible etch profiles 

that can occur and compare the profiles a ta between 

spray etching and rotational etching.' 

4.2 Material and Methods 

A. Etéhing of Copper and Cttrome - Effect on Undercut. 

, 
The etchant solutions for chrome' (KMn04' /NaOH) and copper 

(FeCI3 /HCI) were prepared ac~ordi'ng ta proc~dure 3.2A. The 

concentra~ions of the etchants were as follows: 

Chrome etchant Copper etc.hant 

, KMn04 = 0.41 mol/ L FeC13 = 35%/ w 

NaOH = 0.50 moll L HCl = 3 %/ W 
---=- ~ 

T "" 43°C T = 29 Oc 
~ .. 58 
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pH - 13.3 pH - 0.5' 

,Agitiation • 1500 rpm AgitaÇion • 1800 rpm' 

Ceramic subâtrates were ,used from ~IBM Brom0,f.t's substratè 

manufacturoing line. the metal thickness, res~st th1ckness and 

expose energy were aIl within the process specifications. Tbe 

parts were etched in the rotationa! etcher us~ng the procedure 

outlined in 3.2B. The agitation rate of the etchants in the 

reactor and the positioning of the parts in the reactor were 

adjusted to reduce transport effects ~o the surface • 

. 
To determine the effect of the etch times of tOl? chrome, 

copper and bottom chrome (which will henceforth be denoted as 

cri Cul Cr etch time) on the electrode wid-th and undercut, a 

three level 33 full factorial design with four repl1cates st 

the center was used: The three levels of the Cri Cu/Cr etch 

t "i mes w e r e 3 0, 6 O· , 9 0 seconds. The details of each 

experi~ental run are tabulated in table A.3.l 1n the apoendix. 

The dimensions of the circuit l,ands were measured und,er 

in di r e ct 1 i g h t a t 400 X us i n g a Ni k 0 n. 0 p t i hot met a Il ur g 1 ca 1 

microscope. An xyz t,able attached to the microscope stage was 
o 

used to measure the land widths to 3.0. pm accuracy. The. actual 

measurement of the undercut involved measurment of the res1st 

width it 'prescribed locations on th~ part. Th; resist, was then 

stripped off in order to measure the top chrome and copper , , 

electrode width using direct lighting in tpe microscope. To 

me a sur eth. e b.il sec h rom eo und e r c,u t the top ,c il rom e and c 0 p p e r 
1 

laiers were etçhed from the electrodes to-expos. the underlying 

bas e . ch rom e - 1 ar e r • 

4 .3 R.é sul t san d Dis cu s s ion 

--~----------------------- \ 
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A.',Modellng of the,Cr/Cu/Cr Under-c.~t 

The results of the three level 
3 

3 factorlal exper~mental 

de's 19n were used to fl t three li nea r models re1a t1 ng undercu t 

of top chrome, CO'P-per, and ,base chrome to the Cr/Cu/Cr etch 

times. Undercut 15 deflned as the dlfference between the resist 
~ 

width after exposure and the actual metal land width after 

etch. 

The top chrome ,1,lOdercut (U, ) ls given by 
~ 

U 1 CJI m) = 0 • 1 3 T 1 + p. 3 6 T 2 + O. 0 3 T 3 - o. 9 3 

Where T, = Etch time of Top Chrome (5) 
T2 = Etch time of ,Coppér (5) 
T3 = Etch time of Bottom Chrome (s) 

( 4 • 1 ) 

The model statist1cally fits the experimental data and aIl 

three c05!ff1c1ents "are s1gnificant at the 95% c.onfidence level. 
. " ! \ 

Thi's indicate's that the! 'top chrome ,dimension depends on the 

copper being effiCiently\etChed underneath. The eff'e,ct of base 
~ , 

chrome etch 1s to atta k not only the horlzontal',base CrO 
" 

" 
surface but ~lso the top chrome surface. The top chrome 18 

\\ 
eas~er to undercut be~ause the resist laye~ is weak at ~he 

t ' 
of the • .. 

,metal edges. Also, the copper sur~~ce ~es1dlng on top 
l " .J. A P '" ,1 ~, 

_ bas e' ch rom e i s 1 00 t i mes th i c k e r and in e r t t 0 the ch rom i u m 

et~hant. If the base c.hrome etch t1me ls too \long; a 
.-l-

phenomenon called coppe~ str1plng occurs (to be d1scussed 

later). , . 

The model for the copper undercut (U2) ls 

'" -5.91 + - 0.09 + 0.51 T2 - 0.06 (4.2) 

ANOVA'of the st~t1stical data found that the model fit the~ 

\ 60 
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experimental data but the coefficient of T2 w~'the only one 

found to be Blgnlflcant at 95% co'nfldence 1eve1. Thus the 
\ 

resulting model for (U2 ) with T, and T3 dropped iB: 

. 
U 2 .", - 5 • 9 1 + O. 51 T 2 

't> 

(4.2a) 

Thi. reBult indicates the obvious dependence of the copper 

layer and its e~ch time on the overa1l 
r 

circuit dimensi~n. 

,During th~ etc.!1 experiments for the cOp'per 'layer it ,was 

noticed that if a thin l~iyer of top chrome remafned, 'the 'FeC13 

at a pH of 0.5 was aggressive enough to dissolve the chrom:l.um.\ 

If the residua·l chromlum layer is thin, lts effect on copper 
~ 

und e r c u t i s min i mal bec a'u seo f the etc han t a g g r e s s i vit Y , but 

1 f a su b s tan t i aIl a y e r 0 f ch rom lum rem a i n s suc h a s 1 n the cas e 

after 15 s Cr eteh time, then residual copper will remaiilon 

top of the base chrome. "This etch time i.s lo:er than/ tne 

min i m u m t i m e (3 0 s) use d 1 n the exp e r i men t a 1 des 1 g n t h u~ _ the 
1 

residual chrome effect ls not rèflected ,in the model (equation 

4.2a). 

The' las t m 0 d e 1 rel a tes the bas e C rO und e r eut t 0 the 

Cr/Cu/Cr etch times 

U ' = 
3 

. 
0.03 T, + 0.45T2 + 0.33 T3 -' 29.10 (4.3) 

The model fit the experlmenta~ dat~ but the coefficient of Tl 

was found to be Insigni~lcant thus was dropped from the mode1. 

The final expression i8 therefore " 

+ 0.33 29.1 0 (4.3a) 

fi' 
The above relation showing that U3 is influenced by T2 

emphasizes the diffic.u1ty of the etc.hant to p~netrate under the 

CuO l"'ayer. As mentioned .earlier the thickne8s of the copper ,1s 

'" 6' 
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1 0 0 t 1 m e~ : the t ~ 1 c k 0 e s s 0 f the bas e ch rom e • Th:L 8 d i f fer e 0 c e i s 

the reasoo for the dependen~e of ~o~per undercut on base chrome 

underQu·t. 

B. Qualltative DiscuBsl~n of 
) . 

CrI eut Cr Undercut. 
/ L~ 

~ t / 

Plates 4.1 to 4.8 show ~he type of electrode patterns 

that can occur at various Cr/Cu/Cr etch(tim~s, "as ~ell as the 
/ 
/ 

a p p e a ra n c e 0 f t"h e met aIl a y ers und e r the p hot 0 r e sis t a t 

~arious etch times. With spray evched parts, the expected 

undercut at CrI Cul Cr etch tim~s ot 60/30/60 second's is 13.0 pm 

(plate 4.1a) The photo mask which defines the circuit patter~ 

1 s des 1 g n è d t 0 t a k e i n t 0 ace 0 u n t- a los sin\. the el e c t r 0 d e w 1 d t h 

,during etchlng. ThIs addltional amount of land wldth ls called 

the etch factor of the mask and Its objectlve Is to assure 

.that aIl the eleQtrodes on t;he part are wlthl0 a certain 

dimensional range after etching. 

Comparison of plates 4.1a, showing an example of a spray 
\ 

etQhed electrode and plate 4.1b a rotationally etQhed electrode 
1 • 

reveals that for the same etch times of Cr/.Cu/Cr, the 

rotatlonally etched part has Iess undercut of th. resist (2 pm) 

o than the s'pray etched which has Iiln unde~cut of 13 I-1m. -'this 

Indicates that at these etch times there is very little etching 
o .. .. in the horizontal direction io the rotationa! et~her. This 

fu rt her suppor ts the clai m t hat ro tat 10nal e tahing resul ts in 
l ' 

~')P' " 

a.nlso t ropie e tchi ng. 

" Plate 4.2 sho~s the effect of an increased Cu e~ch time ln 

the rot~tiooal etcher 00 the circuit uodercut. lt i8 ob8erved 

that th'e uoderQut has Increased to 13 ~m which Is comparable 
... 

to spray' etched undercut at Cr/Cu/Cr etch times of. 60/30/60 
1 
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A. Cerami c 

B. Photoresist 

/ C. Top chrome 
/ 

- 38 IJm 

Plate 4.1a Spray Etched Electrodes at Etch Times of Cr/Cu/Cr of 
60/30/60, sec. (400x) 

Plate 4. lb Etched Electrodes at Etch Times of C'r/Cu/Cr of~60/30/60 
sec. (~OOx) 
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Plate".2 Etched E'lectrodes at Etch Times of Cr/Cu/Cr of 60/60/60 sec. 
(400~) , 

\ 

: 

A. Base chrome 

.. 

" 

Plate 4.3 Etched Electrodes at Etch Times of Cr/Cu,4Cr of 30/90/30 sec. 
(400x) 
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Plate 4.3 shows that at low ba'se CrOetch times, a small. 

film of Ct> remaina on the ceramic surface, however at the same 
o 

time the C~ has been etched to,38 pm undercut; This phenom~non 
, . 

i8 cailed 100% overetch which ia defined as the amoüni of 

undercut below the nominal land width. 

Plates 4.4 and 4.5 show the effect of base chrome etch'on 
~ o· 

top chrome undercut. A ~Iose inspectio~ of the electrodes show 

that the top chrome layer'has a smaller width than the Il 

u n c e rI yin g c 0 p p e r w hic h i l? s e e n a s t.'h e d a r k .; e g Ion a r 0 und the 
'\ 

( 
electrode. This exposure of copper .from the overetching of top 

~ 

chrome ls cailed copper striping. PI~te 4.6 shows a more 
\ 

detailed example of copper striping which has been produced by 

ext~nded top Cro and base Cro etch times. 

Pla tes 4.7 and 4.8 s ho w the e ff e c t 0 f hi g h C uO etc h t i mes 

at any CrOetch times. In both cases 100% overétch or total 

undercutting of the resist has occurred. This type of 

undercutting causes open circuits as weIl as adhesion proble~s 

at the var i 0 u ~, met a 1 interfaces 
4 

as ~1 as ~ t the 

ceramic/metal interface. 

c. Discussion of the Etch Profiles. 

, 
In the previous section we saw the electrode patterns as 

vie w e d f rom a ~,o v e. Th i i met ho d 

do e s ~~ e f f e clh ive l y r e pre s e ,n t 

of observation in some cases 

the actual electrode geometry 

and the t'rue ,laterai dimension of the electrode. In this 

, ' 
section a more detailed look at the electrode profiles will be 

done from a cross sectional point of view. 

~he three typical etch prof~les that can be produced by 

var i 0 use t chi n g t e c h n i que a bot h dry and w e t are d'e pic t e d i n 
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A. Base chrome 

Plat~ t ,1 Etched Electrodes at Etch TImes of Cr/CuiCr of 30/30/30 sec, _ 
(·WOx) 

" -1 

A. Ceramic 
B. Copper 

Plate 4.5 Etched Electrodes at Etch Times of Cr/Cu/Cr of 30/30160 sec. 
(400x) 

" 
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A. Photores; st 
B. Top chrome 

-..-C Copper 

D. Ceramic ~ 

----38Um 

Plate ·1.6 Etched Electrodes at"Etch'.· Times of Cr/Cu/C,. of 90/60/90 sec. 
(600x) .. 

,.. 
Plate 4.7 Etched Elettrodes at Etch T.mes df Cr'/Cu/C,. 
(400)( ) 
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A. Photoresist 

B. Ceramic 

1 

Plate 4.8 Etchèd Electrodes at Ëtch Times of Cr/Cu/Cr of 90/90/90 sec. 
-, (400x) 
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figure 4.1. The etched p~Qfile ~n figure 4.1a 18 typlcal of wet 

chemlcal etching and those ln figure 4.1b ~d 4.1c are typlcal 

o f pla s m a a s sis t e d etc h i n g t e ch ni que s. T 6e ÙI. B: i n 0 b j e c t ive 0 f .i 8, sec t ion i s t 0 s h 0 w t ha t pro fil e sin 4. 1 ban d 4. 1 c w e r e 

produced by wet ch~mlcal techniques in a rotation.l ~tcher. The 

profiles ln 4'.1 band 4.I.c, can be produced by ~ontrolling the 

direction at ,hich the the ions bombard the surface during 

s put ter 0 r: r e 'a c t -i ve Ion etc h 1 n g • W i t h t h 1 s t y p e 0 f con t r 0 1 

""\ 

anlsotropic etching (4.1c) or 80% anlsotropy (4.Îb) can be . ~ 

obtained. , . 
The pr~flle in 4.1b which I~ a steep wedge4 prolile is 

caused by the failure of the .esist to adhere at the edges. 

During e·tching the metal atoms on the horizontal surface 

unprotected by the resist are removed first. As etching 

continues, the resist at the edges of the land break off 

caus i ng the h~ri z 0 n tal su rf a·ce ~nd e r the l b roken res i s t area t 0 

be "exposed and eventuatpChed. Th~ radial profile ip figure 

4.1a is a result. of isotropie etching. The reactantà that 

diffuse, through the b 0 und a or y 1 a y e r' r e a c t e qua Il yin a Il 

directions thus the global rate of reaction is equa.l( in b<ot~h 

. 
the horizontal and yertical direction. 

To determine the actual geometry of the electrode, S.E.M. 

(Scanning Electron M~croscope) cross sections were taken of th~ 

etched Cr/Cu/CT electrodes. lt is difficult to discern the ~op 
, 

chrome and base chrome layers because of their small thickness. 

Thus the cross section in plates 4.9 to 4.13 are of 8 pm thlck 

eopper e lee t rodes. 

Plat e 4.9 s ho w s a 2 Sp m w Id e copper elec t rode spray etc.hed 
1 

at, IBM Bromont's spray etcher at 60/30/60/ seconds Cr/Cul CrI 

etch times. The profile observed with S.E.M. is similar to the 
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Figure 4.1 'Comparison of Etch Profiles: a) Isotropie, b) Steep Wedg8, 
e) Anisotropie ' , 
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profile depi~ted in figure 4.1a whi~h i8 an isotropie etch 
o 

profile: As mentioned l earlïer, spray etc.hing re8ults in 

isot~opic etching, tbat is t~e etch rate ls the same ln the 
(! 

vertical and horizontal direction. In1tially very little metal 
, . 

i8 removed from the vertical surface,of the electrode. As time 

proceeds more and more of the vertical surface i8 being exposed 

leading to an inereas€ in the rate of metal remov!ll from the 
~ 

vertical surface. This results in a concav~ profile as seen in 

Plates 4.10 and,4.11 show S,.'E.M. cross sections. of coppeF 
\ 

elect 50 Il m w i,d th respectively. ,In both 
, , 

cases, an etch profile ,slml1ar to figure 4.1c is 
, .. 

observ~d. This further sppports the ~laim that wit~ rotational 

, etching, one c.an obtain anisotropic etch rates. 

Plates 4 .. 12 'and 4.13 show rotationally etched 25 and 50 }lm 

electrodes that have' respectively undergone resist failure at 
, 

the edges. The etch profile 15 still linear (80% anisotropic) 

but the top edge",s near the failed resist have been etcheQ more 
" 

tha n 

pla 

bot t 0 ln e d,g es 0 f the el e c t r 0 des. In the last four .. 
the anisotropie etch profiles, t'he dimensions 

.' 
r e d b Y ami c r 0 s c 0 p e c a n b eus e d t 0 d ete r min eth e t ru e-

of the electrode since the profiles ~re linear. 
f 

~.3 Conclusions 

't> 

From the experimental data one sees that the under~ut of 

the top chroQe i8 dependent on t~p chrome, ba~e chrome and 
- \ . 

~opper e~ch ti,es. However the c~pprr undercul i8 dependent on 

the copper etch timé,only. This leads to the conclusion that 

even lf Bome ~esidual top ehrome rematns on the copper ~urfa~e, 

'. 
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Plate 4.10 S.E.M.o Cross Seètion of 25 um Electrode Rotationally Etched 
at CrlCulCr Etch Times 'of >30/>30/>3Q sec. 
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Plate 4.-11 S.È:M. Cross Section of 50 um EI,ctrode Rotationally Etched 
at èr/Cu/Cr Etch Times of >30/>30/>30 sec. 
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Plate 4.13 S.E.M. Cross Section of 50 i,lm Electrode Rotationally Etched 
at Cr/Cu/Cr Etch Times of >30/>60/>30 sec. ' 
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the Fee 13 etc h 8 n t i s a g r es s ive e no u g h t 0 dis sol v eth i s met a 1 

film. One 81so observes that coppe~ str1ping 18 a results of 

top chrome atta~k :dur1ng base ~hrome etch. Base chrome etch 

seem to be 

" coppe r e tch. 

he@vily dependent on the efficiency of the top 
.\l, . ' 

One can conclude from the S.E.M. cross sections that' the 

rotat10nal tetcher that was deve.loped for th1s research project 

does 1ndeed reduce transport effects at the surfa~e. Th~ linear 
1-

edged profiles that were obta1ned show that an1sotropy is being~ 

attained with a chemical etching method. 
1 
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CHAPTER 5 

~ENERAL CONCLUSIONS AND RECOMMENDATIONS 

" 
The purpos\ af this thesis work wa8 to 8tudy. the kinetic8 

o 

of chrqmium etching' 1n order to be able to understand this 

1 
phen ·menum that 18 occurrln'g 1n the present etch1ng p'roces8 at 

f 1-
IBM. ith a b~tter understanding of the react1o'n ,mechanisms, 

one can~nvestigate 

5.1 Conc usions 
-------- ------

further process 1mprovements. 

. 

.---~ ..... 

l 

1. surface rodghness of the substrate 18 imp~rtant to 

e f f '1 cie t etc h i n g. Th u 8 a ç los e con t roI 0 n c e r a m 1 c qua lit Y i s' 

warrant d to Insure consistent etching. 

The .r a n g e' 1 n met a 1 t hic k n e s son a s u b s t rat e w a s 

• 
to be smali but the data shows that a 1ao~ge va"riation 

e chroml~m1ayer C1n,exlst on one subst~ate. Thus during 

~,e a ~ ure men t lOf .!= he sam pIe s t 0 de ter min e ï f a 
, 

par icular sputter run Is ~ithin specific.ations, It Is 

consistent ln the areas belng measured for 

c " 

me al thlckness. Mpre than one area of the substrat~ sho~ld be 

measured to 1nsure -that the t'h'ickness of. the who'1~ sufac~ i8 

the process ~peciflcations. 
q , 

3. F rom the k 1 net i c s d a tao l'le s e est ha t the e. t éh i n g 0 f 

• h rom i u m f 0 Il 0 W s t W 0 r e. a ct Ion ste p s. The fi 'r 8 t ste p wh i chi s' 

,-
elated to the dissolution of the oxide film is governed by the 

7.8 



'0 

o 

following rate law: 

ri" 4 • 0 5 x lOBe x p l - 5. 0 1 x 1 041 R T ] Ca 

l' 

\ 

(3.18.) 

The second reaction ~tep i8 the dissolution of the.chromium 

metal and i8 governeJ by the following rate law: 

r =, 3. 9 1 Cb - 53.6 1 Ce (3.17) 

The activation energy and pre-exponential factor f'or -k2 (th7e 

coefficient of Cb ) are 5.0 1 x---rQ3 JI mol and 4.6 4 x 1 04 
(LI mol ) 

,( m mol C r / m2_ s) r e s p e c t ive 1 y • 
. .. 

5.2 Significance and Recommendations 
, . ------------------------------------

1. The knowledge of the etching mechanism indicates tha~ 
, 

in the commercial etching proc~ss the time spent to etch to 

chromlum Jayer is divided It\fo two parts.' About 60 % of the etch 

time Is used to dissolve the oxide layer ,and 40% of the time 
. -

is spent dissolvi'ng the underlying Cr metal. The 'benefit of the D 

oxide layer i8 that It promotes 
e ' 

good resist -' chrome adhesion . . , 
but if the oxide layer i8 too thick (caused by an sir l"eak in 

t 
the sputter chamber) .the chrome becomes difficult or impossible 

t o. etc h. A po s s i b Je. r e W Q r k pro c ~ dur e t 0 b e in v est i g a t e d w h ~ n 

the 0 xi deI a y e ris t 00 th 1 c.k 1 sap p s s 1 b 1 e p' r e - d 1 p ~ f the par t 8 
. 

1 n a con c e nt rat e d Na 0 H b e for eth e . par t s are 'a p p Il e d w 1 t h 

photoresist. 
. , 

2 • The d ete r m i'n «,t'i 0 n 0 f the rat e' 1 a w san d rat e c. 0 n s tan ts 
, . 

for the chromlumetch process allows the Implementation of P.I.D. , 
control of the chemical bath adjustments. '.s.nt work On the 

the bath adju8tments u8ing a etch proce8S was to automate 
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con t roll e r. Ho w e ver 0 nI y -\ 0 nI 0 f f con t roI cou 1 d ber a chi ev e d 
./ ~ 

since no kinetics data existed for / the chrom.umetching process. 

N~w that the rate constants are known, the controiler transfer 

" functions can be written and implemented into the control ~oop. 

3. The intrinsic rate laws that were deve10ped show that 

there is room for impr'ovement in the etching rates. The bu1k 

~ etch œates measure~ in ~he spray etcher~ are at 1east 20% 

lower than the i~trinsi~ ~tch rates. !hus modlfi~,tions to the 

spray system in terms of new nozzle configurations or new 
'" .. 

no~zle type should be investigated to reduce transport effects 

at the surface.' 

4. Modifications to the bulk Ghemical concentrations 

s hou 1 d b e i n v est i g a t e d, sin cet h e bu 1 k concentrations in the 
i J 

sp ray • t eh ù -je not re pre.se nt i n.8 

etchant at -tne substrate surface. 

the concentr'at~n~ of the 
, . .....".. 

5. The etc h pro fil e s ·0 b.t a i n e d b Y rot a t ion ale t chi n g are 

advantageous in that: 

, , 
1." .' , 

i) The electrod~ dimensions measùred by a microscope aré 
" 

representative of the actuai etched electrode dimension. In 

the 
, 

case of the sP7ay etched- par,ts, the c.oncavity of the 

elec.trode makes it difficult to determine the-true dimension of 

the electrode when focusing from above; 
~ , 

ii) The reduc.-ed undercutting of the etched electt;0des 
,i; . 

means that the mask etch factor can be reduced thus previous . ,\ 

space on t·he mask that was used to add, width to the elec.trodes 

bec.ause of etch aggresivity could be used for additional 

el e c t r 0 des. Th a t i s, the ci r c. u i t den si t Y cou 1 d con c. e i, va b 1 Y b e 

increased if rotational etching i6 employed. , " 
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6. The models developed to show relationship 

betwee'Çl the various etch times on dimensions, 

with some additionai experiments, p r e-d 'i ct the 
-- - ----~-

• ' r 
circuit dimensions at a give~ etch condition before the actuai 

par t s (var e pas s e d t h r 0 u g h the co m mer c '1 aIs p\ r are t che r,. T h i s 

couid reduce or eliminate' the need for send-aheaa samples to be 

passed before the entir~ lot is etched. The benefit of this , , . 
change wouid be increased throughput of the machine'and reduced 

inspection of the product • 

• 

, 1 

\ 
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TABLE A.l.I- BASE CHROME KETAL THICKNESS MEASURMENTS 
Q 0 

---------------------------~--~--------~-----------J --____ ., 

, 0 , 

GRID POS'ITION N 'M~AN THICKNESS (1) ST.DEV 
----~-------- ~----------------- ------
- l, 1 5 1 S ,. 

-.5; . 1 
,~ 

5 818 .7 . 

, 0, 1 

w .• 5, 1 

5 

5' 

865" . ' 

,740 

4' \ 

) Il 
• 
" 

l , 1 5 800 15 

1, .5 5 705 . , .. 6 
... 

l , 0 

l, -.5 
. 

l, - 1 

.~,- 1 

5 

5 

5 

5 

815 

785 

81-5 

685 

11\ 
1:~.\ 
·5 '. \ 

0,'::' 1 5 

,. 
710 .s \ 

'\ 
l, - 1 5 

, 
737' . - 13:, i \ 

., 

-'1',- • .5 

- II, 0 . 
5 

5 

630 

.640 

1 2 

7 

- l' .5 
" 

5- 670 2 
o • 

• '\"'.5, .5 5 865 4-

0, .5 5 875 6 
1 

• 5, .5 
1 r 

5' r 890. 
( 

<~ 5 

• 5, 0 5 810- 7 

" .5,-.5 5 - 815 3 
• 

0,-:.5 

-.5,-.5: 

o 

\ 
\ 

'. 
\ 
t. 

5 

5 . 
'5 

5 

84 

.89.~ 
• }l, .. i . .. , 

862 '" 5 

795 8,: 
, " 

860 
, 

3 

• 1 

. " 

, 





S'rot ,~'\'~r~~ " ,~ 
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~i. TABLE A.l i3 TOP C1lROME METAL THIC'KNESS MEASURMENTS ,i 
rl~ ~ "-

-._------------------------------~-----------------
e: , 

~; GRID POSITIO~ N 
"-

MEAN THICKNESS (A) ST.DEV 
------------- ---~-------~------ ------

~ 1, 1 5 945 3 

"- ~ ~~'" 

"-,';~ --.5, 1 5 ~ 8 '". ---
0, 1 - 5 o ~6'O5 14 

," .5, 1 5 _. 201 5 1 1 
<> 

l , 1 5 144Û' 13 
• 

1 , .5 5 1425 6 

1 , 0 5' 1565 13 

1,-.5 5 1008 16 
-. ~-~--=-

r ,1 ,- 1 -5-" 1162 
1 

,10 

.5,- 1 5 1070 1 5 
.; 

,., 0,- 1 5 1105 16 J 
. \ 

.... - 1,- 1 5 945 5 . " , ff:. ....... 

""". ,/ 
1 ,..-.5 5 10t2 6 - ... . () 

- 1 , 0 5 
, 114,0 2 " , . 

") 
) 

-·1, .5 5 1145 4 \t; -... 

-.5, .5 5 1075 13 , 
. 0, ".5 \5 1228 5 

1\ 
~ , , .5, .5 5 1130 2 ... 

.5, '-:::.. 0 5 1358 9 

.' .5,-.5 5 1178 _ 3 
. ~, \.I 

il- 0,-.5 5 1068 -2 .. , , 

~l5,-.5 5 1040' ;-"" 1 5 , ; 
'. 

'-.5, jL 5 1160 6 
.. 

0, 0 . 5 1131 ~ 3 
,~ 

0, 4",- " .. , # , 
~-
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.~BLE A.l.4 • SURFACE ROU~ESS KEASUREKENTS 

~--------------------------~----------~--~-- , ' 
-, 

- J 

• 
SURFACE II OF MEASUREMENTS MEA! ROUGHNESS, (pm) ST .DEV 
------- ----------------- ----------~-------- ---------, 

RAW CERAMIC 10 0.520 . 0.009 

BASE CrI CERAMIC 10 .... 0.534 0.007 

COPPER 1 CERAMIC 10 0.449 0.010. 

TOP CR / CERAMIC 10 0.454 0.006 

) 

GLASS SLIDE '10 0.009 - 0.005 
1 

1'" 
BASE Cr / GLASS 10 0.034 \ 0.008 

1 ~ 

COPPER / GLASS 10 0.024 o ~O 12 
1 ,. TOP Cr 1 GLASS 10 0.02-6 0 .. 010 

.. 
. .,. 

" 

" 
, . 

'" . 
• 

\ . 
r 

..,. 

.,' . • _. 
~ \ 

'f , 

t. ~~ 

" '0 
"- 87 
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43.5°è' ".-') CALIBRATION AT 
·560 . t . l ' " 

540 

520 

500 

480 

460 

440 

420 

400 

.. 

-~. .. 

380 

-
360 

340 

320 

) 

... 

-. 

, 
----

, 

~ 

'1 • 

, G '\ 
~ 

t 

" 
)' 

• 
... 

.,.. 

j 

.) 
t 

~ 

v. , . 
6 .. 

• 

...., 
, 

Cl ~ 

300 l' IS • l '. 

o 
'. 

O.~4 0.6. 0.8 
l "(thausands). \ 
.~ ~r Cone in g/L 

0.2 1.2 . 1 

Figure A.2.1 ORP CALIBRATION CURVE @ KMn04 = 65 g!L, NaOH~ =- 20 .g/L 
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TABLE A.2 '.f QUANTITY OF METAL ETCHED' IN A GIVEN TUtE .:Il 

--------~-----------------------------------------~-

TIME (8 ) 
--------. 

~ 

~ -. ..L 

.0 

'3.0 

, 
6.0 

\ 
9.0 

12.0 

18.0 

240 

3.00 

36.0" , . 

, , 

'. cu!-'mg Cr etched 1 
-------~---------

- , 
El E2 E3 x 8 

D 
l' 

- .0 • .0.0. .0.00 .0 • .00 .0.00 .0 • .00 

.0.16 .0 .. 15 .0.15 .0.1 5 .0 • .00 

.0.31 .0.31 .. .0.3.0 .0.31 .0.01 

.0.46 .0.48 0.49 Û.~\8 .0 • .0 1 
' , 

.0.62 .0.62 0.63 .0.62 .0 • .0 1 

'"' ~.lD 1.12 1.15 1.12 .0 • .0 1 . 

2.28 \"2.20- 2.3.0 2.26 .0 • .0 5 

-
3.21 3.22 3.18 3.20 .0.02 

; . \,. 

4.37 ~ 4.50 4.41 4.43 .0 • .04 

ETCHANT.CONDITIONS: 

< • 

... 

KM n 04 ... 6 5 g 1 L 
NaOH • 20g/L 

43 ± tc 
AGITATIJN = 1,50'0 RPM 

.' ) 

( 

; 

1 

/ 



t 

\"l , 

'~' " 

, 

", ) v 
[~;. 

~~ -~ -~- ----~- --;u-- -- ,--;- --- ------ ~------- ----------- ...... --... _-

1--~~----------------~-------~----~~---~-~-~----~---

ROTATI()N SPEED 
(RPM) 

( 0 

700 

900 

11.(10 

1300 

'1500
0 

1700 . 

, " 

OVERALL ETCH RATE (m mol 1. m2 - '8) 

---------~~--------~------------. 
Tl T3 T4 MEAN ST .d'EV 

0.82 0.83 0.10 
o 

1.50 1.U 1.35 1.28 1.31 0.16 

C 1.52 

1.28 

1.34 1.47 

1.69 1.71 

1.43 

1.53 

1.44 0.07 

1.56 0.20 

1.63 1.37 1.67 

1.53 ,1.371.73 

1.51 ~.69 1.44 

E;clANT "':ONDITI"ONS 

\ 
. , 

1.56 

1.58 

1.53 

1.56 

1.57 

0.13 

0.14 

0011 

KMn04 - 65 g/L 
NaOH • .20 gl L 

Cr • .015g/t 
39 Oc ± tc 

TABLE A.2.3 SURFACE ROUGNESS FOR VARIOUS POLISHING GRI.TS 

-~-------------------------------------------------~-----

• 
GR!T SIZE SURFACE ROUGHNESS (Jl m) N ST. DEV 
--------- " ----------------------- -------

~ 

5 600, 0.062 - 0.004 

40-0 0 ... 133 5 0.019 

• 
280 ~·r8 5 O.OlS' 

180 0.938 5 ç 0.017 

UNPOLISHED t3.100 5 0.235 

" 

" 
...-' 

" .. 
, 
~ ~o 

.. 
\' 

~ 

.... -"~" 
~ , ,\ , 
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.. 
0 

If 

'!'ADl.ri A.~.q Z;U1UA\i~ 'KUU\liQftA:);" VDB.l)Ul) D4\,ol1 4 ... nl:l , . 
----------------------------~-------~-----------~ r -

~ . 
" , n.,. 

TIME (SECONDS )- SURFACE ROUGHNESS 
f} • " 

(Î.lm) 
, -------------- --~-------------------

"-

'"'- 1 . , 
Tl T2 . T3 

, 
'T4 MEAN ST.DEV ,.. 

'-- ---- ------
'. 

60 , , 0.470 0.478 0.483 0.464 . 0.474 0.008 

, 
0'.433 

, 

120 0.453 .. 0.462 0.442 0.44,8 0.013 

240 0.465 0.433 0.436 0.'448 0.448 0.012 

300 0.428 0:402 0.445' 0 .. 451 0.432 0.022 

\ . 
," ETCHANT CONDITIONS: U1n04 • 65 g/ L 

NaOH • 20 g/ L 

AGITATION , ~ ( 

... 
1 

.. 
• .. , r .... 

40 t 2·C 
1500 RPM 

, , 

TABLE A.2.S Cr ETCH RATE VERSUS SjJRFACE ROUGHNESS. '. . 
-------~---------------------------------------~---: 

! . 
~ " 

SURFACE ROUGHNESS MEAN OVERALL ETCH RATE, ST.DEV 
(p m) N (mmol / m2 - 8) 

-----------------
_________________ ~ ___ ~ ___ 6 

-----. 
( 

1 

0.064 5 0.86 ~ .08 . 
0.135 5, 1.41 .0'9, , 

~, 

0.923 5 .,- ~J 1~55 ".11 
... 

... O(":i "~ 

12.180 5 1.68 .07 
.., ," , 1 

13.84'5 5 1.69 .34 
~ 

1 

\! '''' 

~ ETCHANT 'CONDITioNS KMnÛ4 65 g/L-• 1 . 
<', NaOH • 20 g/L 
7') 430C:t 2°C 

,. AGITATION • 1500 RPM 

.,1 rA 

/ 
~; 

\ 
l' 'J 

., 

'0, 

... 

fJ. . 
.-' 

6 

.. 

,{ 

; 
.f';;;;l 

( 
~ , 
~ 

, .. 

'" 

~ 
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. / , " 
TABLE A.2.6 vNITIAL ETCH RATE vs CONCENTR,ATION O~ NaOa 

---------~-t-----J--------------------------~---~----- --
'(( , 

CONCENTRATION (g! L') INITIAL RATE (mmol 1 m2 - s), 
1 

----~-------------- ----~-------------~--------

.. 

o 

5 

lO 

15 

to ---. 

25 

30 

, 35 

40 

'" 

-. 

• 

El 

o 
. 

0.32 . 0.34 
0 

"0".62 
~ 

0.58 

0.80 ,0.82 
J,. 

~ 0.96 1.02 

1.05 1.10 

1.54 J. 51 

1.83 1.88 

2'.05 2.02 

0 

0.36 

0.56 
) 

0.80 

0.99 
~ 

: 
MEAN ST.D~V 
-"--- ----t-

j o .' 
!' 

0.36 
'10 

0.59 
'Î> 

0.81 

0.99 

0: 
1 

'oJ~2 
0.~3 

O.&{l 
1 

0.<1~ 
1.08r 1.08 0.02 

. 
1.57 ' 1.54 0.03 

1.86 1.86 0.02 

2.06 2.04 0.02 

\ 
• BTCHANT CONDITIONS : KMnO .. = 65 gïL 

.' Cr- .015 g! L 

/ 

43 ± 2 Oc 
t AGITATION-RATE = 1500 RPM 

\ 
, . 

"" 
-~ .. 1 ~ - ,1 

\ ,.. 
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TABLE A.2.7 ETCH RATE ... vs CONCENTRATION OF KMn04 
-------~----------------------------------------• • 

CONCENTRATION (gl L) ETCH RATE ~mmol 1 m2 :- s) 

0",\ , 

25 " , , 

a 40 

52 

6~ 

'" 
76 

90, 

- , 
\ 

------------------------
El E2 E3 MEAN ST.DEV 
~- --.,.---... 

. 

.0 0 0 O. 0 

0;831' b.71 0:67 O~74 0~08 
, , 

'" 1 ~06 1.15 1.25 ...... 1.15 ._ 0.09 
~;' .. 

~44 1.39 1.54 1.44 ' 0.08. 

~ 1.51 1.57 1-.57 
t.:'';" , 

"0.04 1.54 

1.89 1.99 2.12 1.99' - 0.12 
... 

2.37 2.4~2.1·8 2.3] 0.12 

__ ErCHAN'!: CONDITIONS: NaOH = 20 gl L 
Cr = 0 gl L--

43·C 
ÂGITATION RATE :1500 rpm 
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'0 , , 



'F'" 
~:(S 

:/) 
! .. ~~r 

'1 

'l--, .,. 
1 - ., 

t-

\ 
\, 

.' 
,e /1 ~~~ 

, " .. 
:' 1 

l} 

"'C .' ~ , 
,. 

!'f_ 

" 

" ; , 
f' \ 
~{ 
~'"-
~ \', ,.~', : .... ,,:,. 

~-_ .. __ ... _-_ ... _._-----~~-_ .. _---....,....-- .... ----_ ... __ .. _--_ ..... _~ 
, ~ 

CONCENTRATION (g/L) .ETCH RATE (IIImol 1 m2 - s) , ' 

---~--~----~---~--- .---_._-~~---------------
..> 

-, , 
> " 

~ . ,.., 
\ 

0.0 

0.3 

... 0.5 

0.7 

1.0 

1.2 
.. 

1.3, 
~ , 

El 

1.44 

1.25 

0.99 

0.80 ' 

Q.48 

0.3'8 

0.42 

E2 E3 E4 . 
~ --\ 

J.51 1.63 

---' 

1.1 ~ 

1.1 5 

p.90 

1.39 

1.06 

1.06 ,,;Dt­

'"""~ 

, . 
l ' 

. E5 MEAN S~.DEV 

1.54 0.09 

'1.25 0.10 

. 1.06 0.p8 

0.93 0.13' 

0.54 0 ... 42 0.-47 0.46 0.47 0.04 

o .~~ 5 O·. 2 6 0 • 3 2 O. 3 5 o. 3 3 0.04 

o • 3 2 0 • 2 2 0 • 2· 8 o. 3 1 0 • 3 1 0.07 

. ETCHANT CONDITIONS:, KMn04 
... 65 g/ L 

NaOH ... 20 g/L 

~ If 
43°C 

AGITATION: 1500 rpm 
t 

, 
.. - { TABLE A.2.9 RESUL1'S OF BOX-BEHNKEN DESIGN 

---------~----~---~-----------~----------
• 

[ NaOHJ r· " [KMnO .. ] [Cr r RATE (mmol 1 m2- s) .... 
r, 

1 r 

. 
0.75 0.45 0.0096 1.58 1.56 
0.75 0.32 0.0096 1.55 1.43 L 

" 0.25 0.45 0.0096 0.62' 1.50 
0.25 0.32 . 0:0096 0 0.61 0.82 ,i-

""'.... ~ 0.,75' 0.38 0.0190 1.54 0.47 
0.75 0.38 0.0000 1.62 .. 1.59 
0.25 0.38 0.019,0 0.65 0.48 
0.25 0.38 0.0000 0.69 1.52 
0.50 0.45 0.0190 1.03 0.69 • 
0.50 0.45 0.0000 1.04 1.90 
0.5C]" 0.32 ' 0.0190 1.02 1.08 
0 •. 50 0.32 0.0000 1.04 1.46 
0.50 0.38 0.0096 1.03 1.Q.9 
0.50 0.38 0.0096 '1.03 1.07 
0.50 0.38 0.0096 1.04 1.07 

, ETCHANT CONDITION: \ 
AGITATION 1500 RPM 
43 ± 2 0 e 

, . 

14 

'\. 
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TAâLE A.2.10 INITIAL ET CH RATE vs ~EMPERATURE 

!'P 

<,. 

? 

-----------~~------------~-------------------~ , 
u . 

TEMPERA~QRE ( a.C) INITIAL RATE (mmo,l 1 m2 - s) 
_oMI! ______________ 

,~-------------------~------
-

,/ 

'" 

El ,E2 E3 MEAN ST.DEV 
------

20 <' 0.22 0.24 0.21 0.22 i 0.02 .. 
35 0.65 0.68 0.62 0.65 0.02 

1 

40 c:. 0.99 0.97 1.03 0.99 0.03 

:-'0 2.08 1.99 2.02 2.03 o:~ 
60 2.37 2.32 2.29 -2.33 0.03 .. \ " 

~ABLE A.2.1l FINAL RATE vs TEMPERATURE 
~-------~------------------~---------~--t 

FINAL RATE (mmol 1 m2 - s) 

-----------------~ ~ --------------~-----------

~ 
20 

35 

40 

1 
50 

60 

" , 

\. 

El E2 
" 

E3. MEAN ST.DEV 
-- ------

~ 

0.78 0.92 0.80 0.82 0.07 
~ 

1.32 1.28 1.35 1.32 0.03 

" , 1.54 1.56 1.52> 1'.54 0.02 

1.80 1.88 1.82 1.83 0.02 
. 
2.07 2.04 1.95 2.03 0.09 

ETCHANT CONDITIONS : KMn04 = 65 gl L 
NaOH= 20 g/L 

Cr=0.015g/L 
AGIT À TION= 1500 rpm 
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TABLE A.2.12 INITIAL RATE CONSTANT vs TEMPERATURE 
-------------~----------------------~-------~.--- 6 -

k, (mmol ! • m2 - s) ~(~/ mol) 
---------------- --------------------------o 

3.41 0.44 
D 

1 

3.25 \. _ \ 1.30 .. , 
3~19 1.98 --3.09 4.06 

<-, 
3.00 4.66 

~ 
" 

rP 

TABLE A.2.I3 RATE CONSTANT vs TEMPER~TURE 

------------------------------------~----'" 

lIT x 103 (K) 
~ 

(mmol! mt.s)*(L! mol) 

---------------------~ 
k2 

3.41 C" 

o 

3.2 5 3~19 f 
) ,. 

3.19 3.72 

3.09 4.42 , . , ", 

y.OO 4.90 

.. 

" 

• 

", 
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TABLE A.3.1 3 FACTORIAL DESIGN RESUL'fS 
--------------------------------------------------
&, --.... 

0 ..... ;. 

RUN /1 ET'CH TIME (S EC) AVERAGE UNpERCUT (N=3) (Jjm) 
----- ---------------- ----------------------------

" 
D TCr Cu BCr TCr s Cu s- BC'r s 

-
~. , . 

1 30 , 30 30 2.5 0.0 0.0 0.0 0.0 0.0 
2 30 30 60 5.1 1.3 0.0 0.0 5.0 1.3 
3 30 30 90 7.6 1.5 0.0 \ 0.0 0.0 0.0 
4 30 60 30 25.4 1.5 t:I 25.4 1.5 0.0 0.0 
5 30 60 60 25.4 0 2.5 25.4 2.5 25.4 2.5 
6 30 60 90 33.5 2.5 30.5 0.0 30.5 0.0 
7 30 90 o 30 38.1 0.0 38.1 0.0 0.0 0.0 
8 30 90 60 38.1 0.0 38.1 0.0 38.1 0.0 

•• ,9 o 30 90 90 38.1 0.0 38.1 0.0 38.1 0.0 
~ 10 60 30 30 22.9 2.5 22.9 2.5 0.0 0.0 

1 1 60 .., 30 60 22.9 0.0 1 5.2 0.0 1 5~2 0.0 
12 60 30 90 33.5 2.5 7.6 l5 '" 7.6 0.7 
13 60· 60 30 30.5 1.3 3Q.5 1.3 0.0 0.0 
14 60 60 60 33.2 O!O 33.2 0.0 33.2 0.0 
1 5 60 60) 90 33.2 0.0 25.4 r 1 • 3 25.4 1.3 
16 60 90 30 

0 • 38.1 0.0 38.1 0.0 38.1 0.0 
17 60 90 60, 38.1 0.0 38.1 0.0 38.1 0.0 
18 60 90 90 38.1 0.0 38.1 0.0 38.1 0.0 
19 90 30 30 20.3 1.5 2 0.3 30.5 0.0 0.0 
20 

./' .JO 30 60 7.6 2.5 0.0 
~-- J 

0.0 0.0 0.0 

.' 21 90 30 90 17.6 2.5 il' 2.5 1.2- 2.5 1.2 
v~ .~- -

22 , 90 60 30 38.1 2.5 38.1 2.5 0.0 0.0 
23 90 60 60t 33.0 1.2 3 0.1 <-1:)'2 30.1 1.2 
24 90 " 60 9 a . 3 ~.1 0.0 38.1 1.2 38.1 1.2 
25 90 90 , 30 38.1 1.2 38.1 2.2 0.0 0.0 
26 90 90 60 38.1 1.2 

, 
38.1 2.2 . 38.1 1.2 

27 90 90 90 38.1 0.0 38.1 """ 0.0 38.''1 0.0 
" 28 60 60 . " 60 .. 33.1 1.2 33.1 1.2 33.1 0.8 

"" Q r 29 60 60 60 30.5 1.2 30.5 1.2 30.5 1.2 oP 

30 60 60 60 28.0 1.2 28.0 1.3 28.0 1.2 
3i 60 60 60 33.0 1.2 33.0 0.7 33. 1.2 

TCr : Top 'Chrome; BCr Base Chrome. ... 
c'} : 

'l 
\COPPER ET q,HANT CONDITIONS - CHROME ETCHANT . ETCHANT: . 

KM n04. =: 65 g/ L 'X ECI3 = 37 % 
"' NaOH = 20 g/L CT oz 3 :>- % 

43°C ± 2'0 29 ·c±z'b . 
Q 

f'!II . 
" AGITAT!ON = 1500 RPM .. 1900 RPM 

~ 
'Q • ',., 

'" a 

~ 
... 

1 " J 

It> 
\ ") - , , 

0 
6 

.,. 
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A.4. STAT~TICAL ANALYSIS OF EXPERIMENTAL'DATA 

G , 

A.4.1 Hypothes1s Testing 
\--- .... --------------------

A. Test fO-rl Equiv-81ent 'Variances. 

S :l7nce specifie êxperimental tuns used the same 

pro c e dur e a é 0 m pa; i s ion 0 f the var i a b 11 t Y 0 f the d a. t'a for a 1'1 

runs will be tested at the same time using Bartlett's test for 
:J 

multiple varia,nces [151. The applicable equations are: 

C = 1 + 

s = 

A = - 1 

C 

Where 

1 • 

3(n+l) 
(

n 1 
E--
1=lpi 

S12 -= Variance of the ith experimènt 
52 - Pooled variance from A4.2 
n - = Number of experiments. 

(A4 • 1 ) 

(A4 .. 2) 

(A4.3) 

pi • Number of trials in ith experiment. 

o .' 
The hypothesis to' be test~d i8 

Ho (10
2* (1i2*-0-2

2* CTn
2 

Hl (10 2 = 0-12 '" (122 = CT n2 
a ... .05 

Stat .. A 1 ~a, 
~ , 

, 0 

( ~! n-1); c. v.: • Chi S qua re at 
, 

-,Conclus i on If Stat > C.V. Accept Ho - Variances not eqpal. 

o 

88 
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, 
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Il' 

B. Test for Equivalence of ~eans. 
/ 

• 

The mea n value for eacD/ expe ri mental run will be tes ted 
• 9 

for some elfperiments to determine if the c!1f~e.retlee between 
, ~ 1" • . 

specifie experimental .runs are signifieant The 

equations are 

Stat = 

1 v 

Sp 

/ 

( 

/ 
j 

= 

= 
,/ 

: 

t 
( 

/ 

",. 
~ 

1 

[ ~~; __ n_~ ] Sp '2 v 

1-a) 
'2 nAnB 

Degrees ~f freedom '" nA + nB ,- 2. 
~ 

Squar~ root of the pooled varianc~s = 

" 
Va + Vb 

t 

The hypothesis to be tested is : 
\ 

Ho • v /LA 
Hl ,iA 
ta .05 

::1=" /LB 
= /LB 

c. v ~: 1 XA - YB 1 
Stat: A4.4 

applicable 

... 
(k4.4) 

, /1 

(~4.5) 

Con c lus ion Ac cep t Ho i f C~ v. > S t a t. M e ans are n 0 t e qua 1. 

.C. Test ûr Surf-ace Roughness Experimenta (t.able A.1.4) ... 
De fin i t ion, of the terms . . . 

,.' 

Ceram:Lc' Glass 

Unmetallized Xl, S 1
2 

. \ 
Bag.'e Cr X2, S22 

·ceb'" ' X3, 832 

T0p Cr X4, '842 

n • 4 
pi • 10 

L 

" ' 

. \ 
99 ., 



.. 

.. 

4-

il' 

-_. 
c. 

The results for the Bartlett's test are: 

. , 
Ceramics 
C • 1 

. S2 - \.000067 
A - 3.4 

, Stat - 7.8L 
Con~lusion : Ho Reje~ted 

Glass 
C • 1 
S2 - , 6.2 
Â .'2.9 

Stat - 7.81~ 
Ho Rejected 

Thu~ othe variance in the expe .. r1mental data 1s equ1valent 
... r 

within 95 % co~~id~nce level. 9' 

.... .. 
. The results for the t-test for equivalent 'means are: 

.. 
Q 

u1» u2,. u2 =+ ~3·, )..l3 .. u4, p5 "" J,16·, 116 + ).17, J,17 ... p8. 
1 

Thus the surface roughness of each layer 1s different 
l 

with1n 95'% confidence. 

o 

D. Test 'for tne Agitation Rate experiments: (table A.2.2) 

-~--

The test for equivalent variances and means was performed -, 
. t ,0 d ete r min est a 8 tic a Il y 1 f the rat e d a t a a tan r pmI E; 8 S t han 

- \ 

1100 wa8 different from the-··rate data above 1100 rpm. If the 
. 

data i8 different then it *ould ind1~ate that the system i8 in 

kinetic ~ontrol st an rpm grester than )100 •. 

The various condit1ons are defined as followlt: 
~ 

S 1
2 rrpm .. 0 Xl, 

.. 700 X2, 522 

a 900 D, S 32 .. 1100 5ë4, 542 

- 1300 X5, 5 5~ , 
1500 n, S62 .. -1700 X7, S 72 

" 

For the Bartlett's test the· following resulted: 

• c .. 1~07 
52 .. • 018 
1..- 9.8 .1 

S ta t ~ 12.59 @ 95% 
Conclusion: Ho rej ected--' the ~iances are e.qual. . ~ , " 

100 

" 

.... 
~ '<>-



~~~ '< ;>-
", 

'~ : 

• • 

1 

, 

The resu1ts for the t-test are as fol1ows: 
" . 

pl + Jl2, p2.p 1l3, 113 0+ 1l4, ,IJ.4:, - p5, p5 • p6,'p.6 ·p7 • 

This indicates that there is kinetic control at an rpm 

a f"t e r 1 100 siri cet he rat e s are e qui val en t a t 1 100, 1300,1 1 500 
,/ 

rpni respectively and are different st 0, 700, 900 and 1100 rpm 
, \ 

r e B p e,c t 1 y e 1 y • 

E. Test for the Surface Roughn~ss vs Rate Experimenta. 
(table A.2.4) 

The test for equivàl~n~ variances and means was performed 
~ 

to determine ~f the rate data at virious surface.Joughnesses 

are differen·t. The .. various èonditions a,re defined as fo1lows: 
) 

Ra = .064 Xl, S 12 

= .135 Xi, S 22 

= .923 X3, S 3
2 

= 12.2 X4, S 4
2 

.. 13.9 n, S 52 

For thi Bartlett's teè~ the following res~lted: 

e = 1.2 
52 III .0 13 
A .. 7.5 

Stat .. 13.70 @ 95% 

1 

Conclasion: "0 rejected-,the variances ~re equ~l. 

\ 

The re~ults for _the. t-test are as. follows: ' 
c..-

, ~ '. Il 1 ::J: Il 2 , \)1 2 =J: Jl 3 '. Il 3 *= li 4 , }l4 .. p5,. 

This indicates that at high,sur'face rou.ghness the rates 
. 

are èq ui valent and t hus su rf'ace roughne ss 
• f 

factor i'nflueneing 'the etching rate. 
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A.4.2 Analys1s of V.aFiance for Statistical Models 
" ~···.Y~· ~ .. :--:~ 

-------------------------------------------------
A.- Generll Terms and Hypothesis to be Tested. 

In aIl cases in the following â~alysis, the hypothesis to 

b e t'e ste dis 0 n e 1 w h e r eth e 1 a c k 0 f fit 0 f the in 0 deI (M Sr) i s 
" \ 

'compared to the error in the data (MSe) due to the regression 

equation. The hypothesis is ·as follows: 

,. 
8

2 
< 82e 

8t ~. et 
.:0 

Ho 
Hl 

Stat MSr 1 MSe 
c.v.: F (Pr, Ve) at ~05/2 

Con Co 1 u s i 0 'n : , Ifs t a t < C. V. The n the 

, 

model fits. 

( 

(' To test the s1gnificance of .the coefficients, the t-sig 
1 • 

value given ln tlle ANOVA table 18 compared to alphao'" .05. If 

t-~l~ ls greater ~han ~Ol the co~fficient is insignificant and 
\ -

s hou-Id be d ropped t'rom the mode 1. .. 

,'- B .. Experfment to Determine the Effect of [NaOH}, [KMnO .. l 
and !CrL on the rates. 

TWe'effect of the above concentration variables on the 

~rates ri and r were determined from the experimental data. A 3 ... 
yariable , 2 leve1 Box-Behnken design with three replicates at 

ft \. • ~ 

the center was used ~at tpe experiment~~ design. The conditions 
1 

for each concenttat1on are as followa: 
... 

Range ln mol 1 L 
-1 0_ +1 

" , , 

Ca [NaOH] = - .'25 .50 .75 
Cb [KMnO,.] - .32 .38 ' "\45 
Cc [Cr] • ~.OO .0096 '.019 ..... 

, ' 

'02 

-t,\ 



1 

l 

""'\ 

, 1 

o 

i. Model for ri 

A linear model of the form 

(A40,6 ) 

was fitted for the experlmental data. The resultlng 

relationship ls : 

The 

- 0.11 ... 1.86Ca + O.lrcé -0.97 Cc (A4.7 ) 

The AN 0 V Ao t a b 1 e for t h 1 s tn 0 deI 18 a s f b Il 0 w s : 

SOUR~E - " - SUM OF SQUARES < ~~- MEAN SQUARES, 

-------------------------------~-------------~-----
REGRESSION 
LACK OF FIT 
ERROR 
TOTAL 

/ 

1.73 
0.02 
0'.01 
1.75 

~ 

3 
8 
3 

14 

{\ 

0.577 
0.0025 
0.0033 

----~--------------------------_._-------------~~----l 'f ~ , 

~, 
" . 

The ~ypoth~sls t~ be tested Is therefore 

Ho 
Hl, : 

~Stat : 
C.V. : 

Conclusion 

(Jr2 < () e2 

8r2 >.. BeZ 
liSr / MSe = .0025/.0033 = .76 
F (8,3) at .05/2 = 8.84 

Stat < C.V. thus the model fits. 

The test for the signifiçance of the ~oefficlents yielded 

t-SIG Alpha == .05 

~ 
b1 0.000, keep 
b2 .69'59 drop 
b3 .6385 drop .' 

The 'data was re-run through IBM-STATPAK: with b2,b3 d ropped. 
,-

resultlng model for rj ls : 

ri" 1.86 Ca + 0.01 (A4.8) 

" 

1 

''03 

- , 
1 



'" 
• c 

~ 

~ 

, . 

ll.9 

'-

~ / ,. 
Wben tbe model 1a re-run w1tb b2,b3 dropped the coeff1cient of 

Ca 18 the aami 1n~icating tbat the 4ata 18 orthogonal. 

1i. Non-linear Model for 

A non linear model of the form : 

rj 
ex (j l' 

.. k Ca Cb Cc (A4.9) 

- The r e sul t 1 n g m 0 d e 1 for r t 0 f a no n 11 ne a r for m 's 1 s : 

ln r • 0.63 + .79 l,PC) .03lnC", -.OllnCe (A4.IO) , 

An analysis oi variance was perforemed on the model 

similar to that in 1. The ANOVA showed that the model fit the 

data and the-coefficients b2 aQd b3 were insignificant. Th~ 

fl.lnal model wlth the b2 and b3 drop'ped ls : 

• • & 1.8 7~ (A4.1I) 

To check whether the coeffic.ient of Ca 'spanned unit y the 
\ 

confidence {nterval was claculated to ~\e : 

0.66 ... < hl ~ 1.004 

Therefore the order of the first reaction was taken to he 

unity. To further confirm this hyyothesis, the predicted data 

for the two models was plotted and indeea the linear model fit 

the experlmental data better. l' 

iii Linear Model of r. 

A linear modelof tlle form ln equation A4.6 was fitted to 
J 

the data. -The resul ti ng relation 
'/II 

r ... 16 + .34 Ca + 3.4 Cb - 54 Cc (A4.12) 

,----. 
The resulting analys1s of table varianc.e 18 
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S0l!RCE ' . SUM OF S~UARES DF MEAN SQUARES 

------------~-----------~---------------~--~-----~--
iEG~~SS ION 1.~58 3 0.527 
LACK-, OF FIT. • 0.,03 8 0.00,38 
ERROR \ 0.01 '3 0.0033 
TOTAI:. 1.62 14 
--~-----------~--------------------------------------

.r, 
The hypothes;('s to be bested is therefore 

L' . 
Ho : ei. < 8l 
HI: .8 r ),' D ~ . I!' 

S t ~ t : !ts r / MS e • .0 0 2 5/ .0 0 3 3 .• 1. r3 
C • V .: F < 8 ~) a t "'.0 5/ 2 • 8. 8 4 

Conclusion Stat < c.v. thus the model fits. 
, 

The test for the significance of the coefficients yielded·: 

t-SIG Alpha • .65 

bl .2814 drop 
b2 .0144 keepn 
b3 .0000 keep 

/ 

The last result indlcates that ·the rate in region II of 
\ 

the ,'[KMn04 ] 
.. 

figure 3.1 ls on1y dependent on and [~C r ] 

concentrations. 

~ 

iv Non- linear Model for r. 

A n~n-Ilnear model of the form in equatlon A4.9 was run 

with- the experlmental data. The res~lng equatlon la : 

r - (A4.13) 
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, The ANOVA table for th1s mode! 1s 

" 
SOURCE' SUM OF SQUARES bF ME~' SQUARES 

----------------------------------------~----------
J , REGRES SION" 

LACK OF FIT 
ERROR 
TOTAL 

0.71 
1.67 
0.19 
2.57 

3 . 
8 
3 

14 

1\ The hypot.hesîs to be tested is ther~ore 

Ho el < (JJ 
Hl ()~ ~ O~ 

0.238 
0.209 
0.021 

.. St a t MS r / MSe = .209/ .02, = 10.45 
C. V.: F (8,3) at .05/2 lOI 8.84 

Conclusion S ta t > C.V. thl"ls the does not fit. , 
, 

" 

, . 
The analysis of variance has shown that the model did not fit 

the data nor were any of. the coefficien~s s1gn,1f1cant. Thus the '". 

linear first~-erder model seems to re~resent the data for the 

rate of Cr ~Jdlolut10n. 

\ C. Statistical Mod~ling of the'Cr/Cu/Cr Undercut. 

-... 
A. Descriptio~ of Experimental Design. 

c • 

The effect of Cr and Cu etch times on the top chrome, 

copper, and bas~ chrome undercuts wJs 
. . 

de ter min e d' 
• 

experimentally. The data for the 'experiments and the etchant 

conditions are tabulated in table A.3.1. ' 

3 
A 3 level -3 factorial experimental design with four 

replicates at the center was used to derive stastical models 

from the experimental data which can be used to, predict the 

p , 

r~~ist undercut of the three levels of metallurgy based on the 
" 

knowledge of ~he etch time. The nomenclature that will be used 

Yor the following statistical analysis is: 

t06 

, .' 



u, - Top ;:-hromeunderc.ut. (pm)! 
.. 

-rU2 .. Copper undercut. (Jlm) 

• U3 ... 'Base -Chrome undercut (pm) 

T, = Top Chrome etch time (sec). 
-, 

. T2 SIl Copper etch time (sec). 

T3 .. ,Base chrome etch time (sec)" " 

The range in the Independant variabLes for the experiments 

are ---
o. 

-1 0 +1 

T, : 30 60 90 '\ 
~ 

30 60 90 'T2 : 
f- i' 
T3 : \ 30 60 90 

" 

1) Madel for U, • . ' \.. 
A linear- first arder model for ~U 1 was fitted.to the data. _ . 

The result~ng equat10n for Ul ls 
1 
) 

U, - -0.93+ 0.12T, + Q.36T2 +- 0.03T 3 (A4.~14) . ~ 

The ANOVA table for thls model ls 
, -

SOURCE SUM OF SQUARES DF MEAN SQUARES 
, , 

... / 

.. 
f"-
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The h1potheslS to be tested Is therefore : 

The 

Ho e2
r < et 

Hl e2r >.... e2e 
S t atM SrI MS e Il 4 1 • 2 1 3'6. 5 .. 1. 1 3 
c.v.: F (23,4) at .0.5/2 • 5.77 

f.
. Conclusion. ': Stat <,. C.V. thus t~e m'odel fit.' 

,'" , 
test for the signlflcance of the coefficrënt~ yielded 

, 
bl 
b2 
b3 

t-SIG 

.02 
• 00 
.01 

.. 

-Alpha" .05 

keep 
keep 
keep 

Since aIl dïe coefficients are rlgnificant the fnodel shown 

in eqùation A4.14 1s the final model for Ul.-

" ii) Model fsr U2. 

A 11near, first order model for U2 Jas fitted to the data. 

Tpe_ resulting ~quation for U2 ls 

Cl 

U 2 ml ..!. 5.91 + 0.09 Tt + 0.51 T2 + 0.06 T3' 

-
The ~NOVA table for this model ia , 

1 

SOURCE SUM OF 'SQUARES DF 

(A4.IS) 
4 

MEAN SQUARES 
~ ----------------------------------------------------

,REGRESS ION 
LACK OF FIT 
ERROR 
TOTAL 

4371 
1026 

200 
5597 

3 
23 

4 
30 

1457.0 
44.6 
20.0 

'... . -
~~--------------------------------4-------------------. . 

\ 
\ 

, 

.. '\ 

, 
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The Ilypot{es1s to be 'tested 1& therefore" " 

" ' 

Ho . rlr < e\ . 
H 1 ~: fÎr ~ e2e 

Stat : MS r / MSe = 44.6/ 50 - .89 
c. V.: F (23,4) at .05/ 2 -/ 5.1'7 

Conclusion Stat < c.v. thus the m'odel fH:s. 

The test for the significanee of the coefficients yielded 
\ 

bl 
b2 
b3 

t-SIG 

.11 

.00 

.26 

Alpha = .05 

drop 
keep 
drôp 

Since bl and b3 are insignifi~ant the final model for U2 
... 

relating copper Qndercut to etch tlme ls therefore: 

'-' 

= -5.91 - 0.5lT2 
J 

iii) .,Model for U3 • 

, (A4.16) 

A linear first order model tor Va was fit1:ed ~o the data. 
"'" 

T~e resultlng equatlog for ~ la ... 

U3 = - -29.1 + 0.03T, + 0.45T2 + 0.33T3 
" . . ' 

The ANOVA table for this model 18 

SOURCE SUM OF SQUARES DF 

(A4.17) 

, 
MEAN SQUAReS 

------------------_._-----~--------------------------

, , 
)-

t09 

\ . 
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, /1 ( 
I",J' 

~L .... 

-" ' , . 
b 'The hypothe.18 to be teated la therefQre : , .. 6\ 

"", 

Ho :/et2 < el 
Hl : et :) et ! 

Stat: M'Sr / MSe· 81.8/265.3 •• 31 
c. VI.: F (23,4) a t '.05/2 • 5.77 

Cone1u,ion 'S ta t < C.v. thus' the model fit B. 

The test for th~ significaoce of the coefficients y1e1ded 

bl 
b2 
b3 

t-SIG 

.76 

.00 

.0 l 

Alpha - .05 

drop 
keep 
ke'ep 

~ The resu1ting mode! for U3 ia a function of T2 and ,T3 ooly 

t h u s r e s u li n g 1 0 the f i Ii ale q,u a t 1 0 n rel a t 1 0 g bas e Cru n der eut 
'" 

to etch t1me: 1 

(A4.18) 

( 

, 
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