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. ABSTRACT : P

The kingtiecs of the solid-liquid reactions occurring
- ‘ { . . I -
during the etmhing of chromium metal with an alkaline potassium

permanganate solution was studied.
kS -

Y 4

w4

A rotatiénal'etcher was developed to deferﬁine~the

[ ]
¥

intfin%ic ratds of reaction. The characteristics of the
: . ) w»
chromium squaﬁ% namely surface roughness, metal thickness

uniformity anf'pxidé composition :along withithe etchant

solution parametefa : [NaOH]; [KMnO4 ]; [c?9; and temperature

v

were investigated in order to determine the reactign mechanism

rl .

and the intrinsic rate 'expressionms.

!

-

’ ) :
\\ The experimental results showed that the etching  of
chromium ;ollowg two consecutiye solid = liquid reactioms. The
~ ks ~ D . :
first reaction is related to the dissolution of the oxide layer

¢

and is governed by the followii?Lrate law:

2 _ 8 - . 4 ¥
, r, (mmol prﬁm’s) -4.0%)(10 expl 570}1c¢10/ RT! CNaOH

.

a
-

- The second reaction is related to the dissolution of the
. ’ -~ ’:’ -
.underlying chromium metal and the intrinsiec rate expression for

this Teaction at 439 is :
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¢

i
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L étude .a consisté en une analyse de la cinétique des

intéractions éolide_- liquide l;f; du proqessds d“attaqie
5 [ . ~ » ) ot B -
dh_chrome par dnksolution de permanganate de potassium

3

*

Q
chimique

alkaline. : -
. ) . x

, &
= Une graveuse rotative a été congue pour déterminer les

niveaux intrinséques des réactions propres a4 la solution. Plus
particuliérement, 1°étude a porté sur la charactérisation du
chfome ay niveau de la rugositésde surface, de 1“épaisseur-du

métal et la‘composition de 1°0xyde de chrome, et au niveau des

f%cteuré chimiques c¢c“est-a-dire [NaOH], [KMnO4],~Jqu et la

®

+ ,température en relation avec le niveau de réaction chimique du

¥ N s

. .metal. - ' Cor

" .

Les résultats expérimentaux ont démontrés que l attaque

chimique du chrofie découle de deux réaction solide~liquide
consécutives. {La premiére .réaction qui est reliée 'a la

. \ .
dissolution de 170xyde (Cr, 03), est définie par 1'expression

g
.
8 ,

N 8 o 4
F' (mmol Cr/m=s) =4.05x 10 efp[ 5.01 x 104 RT]«CNaOH

suivante: . )

i

% . .
La dieuxieme réaction quant & elle est reliée 4 la

I3

dissolution de: couche inférieure de chrome est défine par cette
AW * ‘ ‘

"seconde formule & 43%:

r (mmol Cr/%—-\,s) = 3,91 CKMnE)] 53'61CC?6
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. , S CHAPTER 1 ‘

INTRODUCTION - -

v

The 4se of alumina ceramics as chip carriers in component

I

) . -~ ) . =
Beveral years the advances in'integrated cirCuit fabrication

has 1e§ to a cheaper silicon chip; thus Lhe cost of packaging
F/

has bscome greatly influenced by the cost. of fabricating the

.
a

2

fceramLc substrate. In response t% this new packaging

¢

techniques have been developed to réduce t&@fcost of, the

4

substrate chip, carrier. For exanple, methods such as Tape
a b

1utomated Bonding:[i] empio§ chemically ,etched copper fingers

) " a

embedded }n a polymer film asf%he chip carrier instead of an-

alumlna ceramic. Another method uses plastic molded technology

(2] which idv;>ves tlve use of epoxy ;esin molded to a lead
frame chip.carrier. However géVeral limitations to these

»

methods< such as low I/0 count and inefficient heat dissjipation,

keep the ¢ceramic substrate chip carrier s%éll a viable

'

. -
.
o

technology.-

°
»

One way to reduce ‘the cost of the cefamic chip carrier is

to understand 1in greater depth thefvarious proceséidg stages
o .

involved in the manufacturing. of the substrate. With/the
uqderstanding comes broceSS‘improvement leading to vyield

1

improvement and reductijion in rework and recyclev

t
The chemical etching .of metals is an estg@lished process

in the engraving, the metal finkshing and the microelectronics
o a

industry. In the production of- metallized «<ceramic substrates,
, N + L] &
it is one of the most important processing steps since the

fital circuit dimensions are defined at this stage. The first "

,manufacfut%ng is a well-establigshed technology. In the last

<

bl

I

P

hE* ]
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step in the “manufacturing of metallized ceramic substrates 1s

to coat-&he ceramic with three layers of metal -as shown in

figure l.1. The chromiun600-1300 A éhick forms the protective
(top chrome) and adhesion (base chrome) layers for éhe copper
(>-70 000 } tpick) which 1is the metal that forms the final
circuit on the substrate. Etching oﬁ the metal_lgyers is
usually perf&rmed in.a spray etcher. This type of etcher uses
spray action to deli;er the etchants to the substrate surface
where the dissolution of the unprotected metal takes place. The
dissoived metal ions are the? transferred to th; bulk etchant
solutionl

The ceramic substrate ‘which forms the physicial interface

between the microchip and the printed circuit board is produced

by a photo lithographic process which essentially consists of

’the following steps:

1. Deposition of three metal layers ( .Cr% Cuf cP) by a
Iéw-pressure sputteringitechnique.fhe ceramics after this
Step are called blanket ceramies. \

2. Applicatiqp of photosensitive resin. and exposure of

this .-resist layér through a mask using U.V. light. At

g
this 'stage the substrate has resin that is polymerized

2

where cireuitry is present and unpolymerized in the

2

unexposed 'areas. The exposed resin is more resistant to
' the chemical etchants than the unexposed resin.

3. Development of the resist. In this step, the

unpolymerized resin is removed ieaving behind awfubstrate
-]

ready to be etched to obtain the final c¢circuit pattern.

There are several solid-liquid reactions occurring in
. ]
the etch process: The dissolution of chromium with an

a}kaline potassium perﬁanganate solution and the dissolution of

- [+]

. 2 . ' 4

e e a1
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‘copper with a ferrie chloride etchant solution. Although the /
kinetics of the reaction of copper with\ferric echloride are
. known [3,4,5], that of chromium with a potassium permanganate

etchant is not an extensively studied reaction. Kinetie rate

L

data for 'this reaction, which is not only important to the_

etching of metallized ceramics, but also in the production of

chromium photdmasks [6], and in the eteh-back process for metal
P t

“ '

finishing [7], is non-existant jin the open literature.
. '
< The objectives of the research work are as follows:

12 To invéstigate the propertieslof the etchable Surfaceg

¢

such as metal thickness uniformity, surface roughness, and

1

‘oxide composition, which will directly influence the rate
. N

of etching. , -

2. To develop an understanding of the mechanism when

: c chromium metal reacts with an- alkaline solution of
{ B
i ,
g potassium permanganate. . -
1
. ' "3, To determine ‘the intrinsic rate laws for the reactions

\

taking place during chromium eteching by defining the effects
of the [NaOH], [KMnOs.], [CT®, and temperature on the etch

rate.

compare the dimensional profiles of the cirecuit

47 To

» ° "electrodes when the etching is carried out in a spray etcher

T ' ’ and in the rotational etcher developed in this project.

\ N o

With the information obtained from meeting the research

1 ! °

objectives the etching of metallized ceramic substrates which

takes place\at IBM'Canada”s Bromont manufacturing plaht will be

1,

y ol

(G . completely defined. The understanding of the process will be at

a point where process windows can be redefined in order to

\

x improve the product yield and enable the implementation of a

4 s
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1

\

continuous chemical control system that automatically adjusts

the etchant parameters to ma{ntafn’optimal eteh rates,

The contents of this thesis are divided into three

distinet chapters. Chapter 2 is devoted a discussion on the

chgractérization of the metal surfaces. Chapter 3, is dgevoted

¥

to the kinetic study of chromium etching. The reaction
- o

mechanisms for the dissolution of the metal as well as tﬂ%
intrinsic rate laws are determined based on experimental data.

The properties of the etchant solution and the physical’

properties of the etchant system that affect, the etch rate are

also investigated. Chapter 4 1is devoted to the application of

S

the results in Chapters 2 and 3 *+ to the etching of actual

Al

circuit patterns. Statistical models  are proposed to describe

-~ the effect of the chromium and copper etch times on the resist

3

v ’ .

undercut.

- f
. [N




?) Ay Metallized Substrate Preparation.

CHAPTER 2 ' - -

CHARACTERIZATION OF’THE ETCHABLE SURFACE

2,1 Introduection

- — - - - —

The purpose of this chapter is.to discuss the properties

of the metal surface that can influence the rate of chromium
N

etching.’The measurement of surface roughness 1is made’to
determine how the roughness of, the virgin ceramic affects the
thickness variation and rdughnéss of %hé deposited metal
layers. EéCA (Electron Spectroscopy fsr Chemical Analysis) 1is

used to determine the composition of the oxide layer that 1is-

o

known to exist—on the surface of chromwm and its approximate

thickness. 1In summary the objectives of the investigation

[

déseribed in this chapter are to character}ze the etchable

surface in terms of

a., The surface roughness of the metallized layers on

- ceramie and‘glass.

b. The uniformity in the metallization of Crppnd c®

¢. The composition ‘and approxipate thickness of the
S p
/. . oxide layer on thechromium surface. ..+ -

. - K
The experiments in this research work used two types of

. . R N
chromium sources B

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

[
6




purchaséd from Aysar Co. and pol}shed“to the

desired surface roughness;

2) Metallized ceramies used in the experiments of

- &J N
this - section and in the modeling experiments of

chapter 4. 4 -
. ’

» Alumina ceramics (28mm x 28mm x‘1.2mm) and glass slides

were metallized at, about 250°C and 1 mtorr at IBM Bromont
Manufacturing plant usingla standard production scale ULVAC
Sputter machine. The machine is designed to metallize three

layers of metal on the same substrate, Firstly the base chrome

layer is deposited to provide adhesion between the copper layer

and the ceramic. Secondly, a copper layer.which is about 100x

thicker than the base chfome layer is deposited. Finally,

- £ - ﬂ .
another chomium layer is deposited on’ top of the copper to

provide oxidation proteétion of thé‘cz%ﬁer"and'io prpvide a
layer onto which photoresist can ?dhere. Glass slides were
m:tallized'in the same manne;. The thin metal films on the'
gléss slides have a lgwer surface roughness (and consequently
less backg}ound noise duriﬁé thickness, meésﬁ;ement) than

-

metallized ceramiecs.

B. Thickness Measuremeﬁt.~- - )

An Alpha Step 200 profiler deséribed in [8] was used to
measure the variation in the thickness of the deposited mﬁéal
films on the gla;s slide. After dépos{;ion of the .three metal
layers,‘a grid patEern was painted onto the surface of the top
chéome hy means of a fise brush., Apﬁizon Wax (a petroleumn
dis¥il{3te) was used to protect Ehe metal under the grid
fines. After the grid was formed, the slide was dipped\in

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

7

. -



c

“undissolved, exposed chromium lines was measured at,

’ ' () - 5 - N
(500~1500 A and 65—8OXﬁ%). The accuracy of the instrument was

—— £ v
s ?
e

® ’ ™ .
lines exposing the copper surface. Aftér the part was rinsed
. .

with distilled water»ahd air dried, it was dippeh in

|

trichléroethylene to remove the wax. The thickness of ,the

a

intersection points on the grid shown'in figure 2.1, Five

measurements were made at each poidt from different directions

to get a statistical average. A similar procedure was used to

measure the thickness of the copper and bottom 'chrome. The,

» -

unprotected copper layeéer was removed with concentrated HNOg .
'
The. Alpha Step 200 was calibfafed'using standards that héye the

same range in thickness as the thickness being investigated

¢

i
¢

.
2%
-
N .
.

C. Surface Roughness Measuyrement,

~

Lv .
The Alpha ‘Step 200 profiler was used to measure the

-

surface roughness of the following:

: a. Ceramic, base crlon ceramic, c® on base Crﬂ op c® on

N 5

C uon ) P ) . ° ' .

b. élass slide, base cP®on glass, cu’on base Crﬂ top'Croon
N - . , \

CJ{ ) . . \\

¢. Chromumtiles at various degrees of-polishing.
The instrument ig equipped with a Zimg stylus which’

records the height of the peaks and vélleys of the surface of

fthe metal. In each sample 10 readihgs were taken at random

@

areas over the sample surface. For these measureménts the scan

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

arithmetic. average of the surface was ' determined by averaging

all the deviations from the arithmetic mean height (figure

2.2).

voa
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(not shown on
the screen)

A * «
. ] Position of
. . Measurement Cursors .
2 ___ 4 '

. \

s . Yyt Yyt Yy tees vy,
N SRS Ra= . N

« ’ R ) - n - . -
@
<
where

) . ﬂ through }n the absolute value t_)f the difference between the
‘ v , profile height and y for each point between the
) measurement cursors. (This is the deviation from

b the centerline.)
Vo, [ !\ A
. & ’ y = the profile heights at the points between the
) ” - measurement cursors summed together and divided
by n. (The profile heights are relative to the first
. * point of the scan.) . -
n = the number of points between\the'mea'surement
. , Cursors. ‘
PR ‘Fi’gu're 2.2 Calculation of Surface Roughness.
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D. Determination of Chromium Oxide Compogition.
)

4

«

The nature and composition of the oxide)on the chromium
surface was determined using ESCA. The actual measurementg‘were

performed at the "Groupe de Recherche et Technologie des

~

Couches Minces" at Ecole Polytechnique in Montreal. The samples

~

being tested were: -

I ~ ’
Base chrome on ceramie (B2);

¢

j\Top chrome on glass (G1); : '

Pure chromium tiles (T1).

In addition to a broadscan of each sample surface at 0 to
-1000 eV binding energies, a scan from =537 to =525 eV for

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

/
chromium / chromium oxide peaks were done. .

Using the information from the scan results,ﬂwhich are
. [

{
described in terms of the percentage of the total scan area,

related to a speéific element, for the oxygen and chromium
Tegion, the - ratio of oxygen to chromium in the oxide was

obtained from the following’équation:

” -

o . I 82 - -

, (2.1)
ncr/ ,"'12 S1

4 * ) . ,
ihlre I1'and I2 : Area of the péak for oxygen and chromium,
S1 and S2 : Sensitivity factor for oxygen-and chromium.

[4
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Samples of metallized ceramics were produced using the the .
procedure described in 2.2A. The samples were not cleaned by

any degreasing solvent nor by any degassing prodecure so as not

¥ v, . —

to disturb the oxide layer on the surface.

2.3 Results and Discussion . N

—————————————— e s mn v - - -

A. Metal Thickqgss Variation

* The prggse of these experiments‘was to study what

thickness irregularfties.can exist on sputter deposited

métals. Glass slides were chosen as the substrate for

° 4

deposition begause‘of thgir relative smodFH surfaces. In fgct
no significant thi?kneés variation was- measured on the
unmetallized glass slide. The results of the variation of the
thickness of sputtered copper and chromiﬁm layers are shown'in
figures 2.3 through 2.8. Figures 2.4, 2,6 and 2.8 show the
thickness contours of the 28mm by 28mm-substrate surface.

Inspection of the contours shows that the base(chrome and

‘copper have a similar surface topograpy while the toﬁ chrome is

deposited unevegly onto one éidé. This last observation was

‘made on several samples taken randomly from a sputter carrieﬁ.

The minimum-thickness in gll’ghreé cases is at an edge of the

" part that is in contae¢t with the track of the carrier. This is

a metal strip }hat holds the parts in the’sputter,carrrier

]

‘during metal deposition. It seem;'that.qhielding of the

substrate by the track results in an uneven depositign of the

7 ~

o~
¥
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‘ Figure 2.4 Metal Thickness Contour of Base Chreme on Glass.

(Ccatour Interval = 20 Angstroems)
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Figure 2.6 Metal Thickness Contour of Cop{aer on Glass.
(Contour Interval = 2 KiloAngztroems)
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Figure 2.8 Metal Thickness Contour of To
(Contour Interval = 50 Angstroems)
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& .
metal. The average tﬁicknesg for the top chrome, copper ‘and
base chéome~are 1224 A, 74 ;A, 776 A reSpectlvelyi The
r;Lpective standard deviations are 295 A,lj'kA, and 85 A. The
range in thickness is respectively : 1070 A, 42 kA, and 237 A,

\ Figures 2.3, 2.5, and 2.7 give\a 3 dimensignal qualitative

depiction of%the metallization on ‘the surface. The base chrome

l
.

. has the roughest appearance over the gntire surface while the

+ ~

top chrome is open to mwmore random metallization over the

-

surface than the other two layers. The randon metallization may
be occurring while sputtering the base chrome layer but the

deposition of the copper has the effect of smoothening out some

’

of the peaks on the base chrome surface. The copper has the

N
most uniform aprearance over the surface because during

.

sputter deposition. The Cflnolecules grow on the-surface in
columns and the thickness of the Cu’ is 100 times that' of

chromum, thus any surface imperfections or irregularities during

“

deposition are less likely to stand-out.

ﬁ; <
B. Surface Roughness Variation.

Al

2 " J
- J
The surface roughness of the deposited metal bayers on

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

ceramic before metallization has a higher surface roughness
{

"than the copper’and top chrome layers. Both the ceramic and

glass slide metallization show similar roughness variations

¢

wich\the metallized layers. There is a negligible increase in
romggnéss (3%) with the metallization of chromium on the
ceramiec and a 70%Z increase with chromium on glass.
Statistically “the r;ughness value between the virgin ce;amic

and the base chrome 1s equivalént but the difference in

roughness between glass and base c¢chrome on gléss is

[}
t

-
.
16 )
.
.
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‘significant. This last fesult is hpparent“iﬁffigure 2.3 that

H .
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 significant 15% on
. i

eramic and 30% on glass. This 'shows that the copper layer due
¢ : .

to its higher thickness does indeed make the surface more

“ »

uniform on both ¢ceramies and glass. The top chrome layer shows
an increase in surface in roughness by 8% on giass and 1% on
ceramic, however the roughness is still lower than the base
chrome 1ayer. In both the ceramic and glass surfaces the mean
roughness’ between the copper and top chrome layers are

equivalent at a 95% confidence level.
C. Analysis of Oxide Composition.

ESCA was used to determine the composition of the chromium
oxide layer exisiting on the surface of chromium and to
determine the approximate thickness of this layer. fhe
knowledge of the oiide composition will help in formulating thew
re;ction mechanism occurring during echromium dissolution (to be

discussed in chapter 3).

Figures 2.10a, 2.10b, and 2710c, depict a broadscan of

;q&\::riOus chromium surfaces for the elemental composition
f ¢t

o e surface. Comparison of figures 2.10a, ‘2.10b, and 2.10¢

for chromium on ceramie, chromium on glass, and pure chromium
©

tile respectively, show that the elemental composition of the

surfaces are similar, The major components on the surfaée are

_the Cropeaks at -45eV and -577eV and the oxygen peaks at -531eV

A

and =-743eV.
¢ /

The presence of carbon in large quantities was mainly due

" to adsorbed hydrocarbons on the surface. The silicon peaks in

Q
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Figure 2.10a

ESCA Broadscan of Chrome
on Ceramic.

Figure 2.10b

ESCA Broadscan of Chroma
on Glass.
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Figure 2.10¢

ESCA Broadscan of Chrome
Tile.
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each scanare due to the silica in the ceramic and glass and in

the case of tiles, they arise from residues from the .polishing

]
’

paper.

Eigures 2.11a, 2.11b, and 2.l1l¢ sh}m the scan region for

¢hromium, In all three scans there are 2 peaks of chromium.

The first which occupies 85%Z of the peak area i1is at ~577eV and
is related to chromium bonded to oxygen. The second peak at -
574.5 eV :Daup§ing 152 of the peak area is related to Cx metal.

'To determine the Cr’™-0 bonding ratio a scan of the oxygen

region was done and the results are shown in figures 2.12a,

2.12b and 2.12¢ for’ 'Cr°/ce<rami'c,,‘Crolglass,f cr® tile,

. f
respectively. Two peaks are observed, one is a peak that

occupies 80%Z of the peak area and is related to oxygen bonded

‘

to carbon at -532.6 eV. The second peak gccurs at ~530 eV and
occupies 20% of the peak area. This peak is related to oxygen

bonded to chromium. .

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

. e -

are interrelated. Using a sensitivity factor of 1.5 and 0.66

‘for the chromium (Cr(0)) and oxygen (0(Cr)) scans respectively,

and equation 2.1, the 0 - cr® ratio was found to be
approximately 1.5 in-all three surface scans, This result

indicates that within a 10% degree of error of the instrument,

.that the composition of the oxide is Cr,04.

+

The approximate thickness of this layer is at least 50 &

since the depth of the x~ray penetration in the sample is in

the orde?';f,?O k. ¢

D. Conclusion

., The surface roughness of the sputtered metals is totally

2
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aepéndent on the substrate being used. Metallization on a
smooth substratée will have a lower surface roughness than

that on a rougher substrate. With respeet to thickness

variations Ehe_mést uniform thickness i8 observed with copper.

This result insures .thdt the circuit dimensions on a ceramiec

-
)

.substrate will be uniform.. .

¢

Y

The top chrome shows a large variation in its thicﬁne?s

which may cause dimedsiqnal problems of the copper layer.

'Thus the, etching of thi%’layer must be suffieiently

~

oVérdesigned to take into account this large thickness range of

metal on the ﬁart. Finally the thickness of the base chrome

shows less variation than that of the top ch;ome layer.

The ESCA results show that on the chromium surface there
exists a layer of chromium oxide of “the form Cr,04. The
thi2kness of this layer is deduced to be at least 50&. Thus
the oxygen from the air must react with the @%tallic chromium

to form this continuous oxide layer.

< *

o
i
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CHAPTER 3 R

v

A KINETIC STUDY OF CHROMIUM ETCHING

3.1 Introduction ' ' .

The purpose of this chapter is to study in deretl the

‘mechanism ~and kineties of th dissolution of chromium metal in

/

alkaline potassium permanganate. As mentioned previguslg, the
etching of chromium is  not only importa;c to the processing
of metallize& ceramies but also important in the manufacturing
processes related to Ehe production of chromium-ﬂhétomasks and
in Lhe etch -back processes for metal finishing. For the

. . ) » '
objectives of thfﬁ thesis, the chromium etching mechanism sand "~
R

kinetics will be discussed as they relate to the etching of

]
2

metallized ceramic substrateéi

Thus the major objectiwves of the experimenfal work

deseribed in this chapfer are:

»

a. To determine the intrinsiec rate law for the dissoluton

of chromwum as a function of temperature, [KMnO,] , [CZ%],

[NaOH].’ ; 11

b, To formulate a reaction mechanism to'describq the

b .
interactions between chromium metal and the alkaline

e
<

- o«
"potassium permanganate etchant solution,

N i '
-

¢. To compare the efaﬁ rates obtained by a laboratory

scale etcher to the etch rates obtained from a commercial

scale spray etcher. .

3.2"Materiéls and Methods
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F

N~
A. Preparation of the Etchant Solution.

To insure a -consistent etchant solution for each

experimental run, a standardized procedure was established and*

’

followed for all ~experiments. A specifiec amount of KMnO,
crystals (reagent grade) was weighed to the nearest 0.l g; The
powder was Jispensed intoa 2 L Erlenmeyer flask..A desired
amount of. NaOH pellets (reagent grade) was weighed out and
placed into the flask. The soff&s were dissol;ed in 1 L of
distilled watier. The mixture waa\shaken to start tpe
dissolution of the crystals. Once the disdolution was complete,
the solution was he;ted until the desired reaction temperature
was reached. The exac¢t concentrations of KMnO, and‘NaOH were

-

determined as described in 3.2B.
' /

The etchant solution was then carefully poured into ’'the

H

reaction vessel which is described in 3.2D. The temperature of

3 3

the etchant in the reaction.vessel was ontrolled to within 2

C and the solution was well stirred at predetermined

.

agitation rate. To prevent the bui%d-up.o

chromium from affecting the the etch rates, the etchant was

used for'a maximum of 5 experimental runs which is roﬁghly

equivalent to 75 mg/L chromium ion build-up
B. 'Analysis of Etchant Concentration. T

The conéentrations_of the dissolVedJ£§ﬁ KMnO, , and NaOH

:ﬁhe dissolved -

were were measured using standard analytical. techniques"

. ¢
described in [9]., The concentration of c¢hromium was determined

by meaéuring the oxidatiop;reduation potential (ORP) of the
solution at a specificiﬁémperature and. concentration of KMnOj,

and NaOH. The measured ORP was compared to a calibration curve

25



., o,
of ORP vs concentration of Cr®for the <c¢alibration curve shown

7

U

in figure A.2.1 in the Appendix the concentration of chromium

in the etchant sqlutionuzgé measured using Atomie Abé&?;tion
Spectroscopy. The chromium powder used for the calih:ation
procedure andxin several rate experiments to be desc¢ribed
later, was dissoived in a separate solution of KMnb4 / NaOH

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

\ Ay
was used as a measure of the Cr%concentration because of its’

simplicity, and its fast response time. This method is

’presenfly being used in the manufacguring,line at IBM Bromont

4

as a measure of the C#%build-up in the etchant baths.
The eoncentration of Mnd? in solution, was determined by

titration with a standardized solution of FeSO4f7ﬁ20 until the

*eﬁd*point was reached (a change in colour from purple to pale

yellow’L The titrant was prepared by diSsélving 140,05 g feSO;
\

7H20 in 750 ml of digtille& water and 30 ml of 7N H,S0, . ?ﬁ!

solution was then diluted to ! L in a volumetfic flask which

was then allowed toaséand at roQQ temperature for 24 hours

before use. Since Fe'? is oxidized by oxygen, the titrant

'was standardized with a standard 0.100 M KMnOgs (acidic)

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

titration,

The concentration of Mn0;' in the etchant was calculated

from the following equation.

’

Mno;1 (g/L)-3.16x('V<;,1um\e of titrant (mL)) (3.1)

[

To determine the concentration of OH 'and €03? the
t

solution was titrated with a solution of 1.00N HCI. until the

equivalence points were reached. The equivgﬁpﬁce points were

measured using a pH meter calibrated with pH buffers at pH 10

/ . 26 . .
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and pH 2. The concentration of .OH'and ‘Co'gzarqe‘i_calculated
from the following equations:
oH'(g/L)  =(2A - B)x(1.6) ” (3.2)
COz (g/L) =( B - A)x(4.2) (3.3)

where ; A = oL of 1.00N HCl used to attain’'pH 8.
B = mL of 1.00N HCI used to attain pH .4.

s . s
. \ »

Thelaccuracy of these titration methods are within & 1

-

g/L which is adequate for the experimental objectives of.this

~a

_thesis. - ) P

L)

C. Determination of the Dissolution Rates.

Inatypical expériment, one or two tiles were placed in a
plastic frame which héeld the chromium tiles by their eciges
.only. The frame thep was dipped into the etchant solpt'i’on iin
the rotational etcher and held there for a predetermined time,
after which it was removed and dipped immediately in 85 g/L
oxalic acid to quench the reaction. The tiles wer.e patted dry
‘to remove excess water and then were storedwi\n a.dessi’cator at
all times. In all rate experime;;ts, ghe L;eaction ti‘m_es were
0.5, 1, 1.5, 2, 2.5,-3, 4, 5, minutes. It should be noted that
different tiles were us‘ed f?r each reaction time. The change in
the maés pér unit surface area for each tile was then plotted
aga;[nst: reactilon ti‘me to derive tl;le‘_etc_h ra;:e (section 2.3A:).

Tileg of Zc—m x Zem x 0.3¢m of 99.99% Cr‘l;letal_ were
passivated wir:h Apeiz‘o;x wax on all sides except oné to prevent

t’ﬁe dissolsu:ion of :chromium from more tpan one side. To obtain

a surface roughness. of the tile equivalent to that of a ceramic

! /

_‘subs(t’ﬁ\:j, the active side of the tile was polished%ith 280

grit pap to get a surface roughneyf 0.46 £ .05 pm,

27
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The ¢hromium dissolution experiments for the determination

of the rates were performed ;2 a temperature controlled CPVC
(Chlorinated Polyvinyl Chloride) reaction vgssel. CPVC was used
for its relatively good chewical resistance to the etechant.

The solution whose volume was maintained at 1L ¢ 5mL in the

reactor was continuously agitated at, 1500 rpm (seetion

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

speed was measured using a tachometer. The reaction vessel
henceforth will be called a rotational etcher because‘of the

high rate of impingement of the etchant on the substrate’

¢

surface, . ) N
/‘\

The etchidg time was képt to a maximum of 5 mihutes

becaus; it was found that qhe surface roughness wguld not
rchange significantly within this time’range. To insure that th;
surface roughness was constant from each experimental run and
bomparable to the roughness of a cgramiéﬁfubst?&te, the tileé
were repolished before Q new experiment was perfarmed.

@

3.3. Results ‘and Discussion

-—— - - - - - o - o
!

¢

A. Calculation of sye Eteh Rate.

&

When the amount of chromium etched per unit surface area

was plotted against time, a ®urve such as the one shown in

0

figure 3.1 was obtained. In over 55 differenf experiments

carried out at various etchant conditions, the same type of

dual sloped curve was obtained as the one in figure 3.1. In’

general the change in the slope of the lines occurred within -

-

the first 120 seconds.

Thepwlresults and furfher experimental evidence described«\¥;\

28
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in this\ chapter suggest that two different heterogeneous

reactions .are occurring.o The first is related to the

o !

diqsoluiion‘of the Cr,03 oxide layer &nd the second reaction is

the oxidation and dissolution of the underlying chromium layer.

)

Thus the etch rate was caleulated for all rate experiments in

two steps. The intital rate ( r, ) was calculated from th

@ ’ v

slope of region I in.figure 3.1 and the second rate ( r )

Y

was calculated from the slope. of region II in figure 3.1. Both
- [ <N M

rates are expressed in mmol Cr/ m%s. : ‘

o

B. Determination of the Conditions for Kinetic Control.

'
(i) Results -

k4

.

It is a well known fact that with any heterogeneous

reaction, and in particular chemical etching methods, there is

| A
a boundary layer between the fluid and the surface of the solid

-

[3,;,4,5]. In order for the metal to react with the oxidizing

» a

agent, the latter must diffuse through the boundary layer,

-

react w%th the metal to cause 1its dissolution, and then the

s o

spent reactant and the dissolved metal must diffuse through the

~

‘layer to mix with the bulk etchant phase. If the- rate of mass

transport through the boundary layer is much smaller than the

rate of the surface reaction, the process is mass transfer

controlled and the measured rates are not the intrinsic rates

1]

of the reaction. Since in the gotational etcher, the rate of

mass tqanspott’f}om the liquid to the solid surface 1increases

rotational speed of the impeller, it 1is

’

with increasing

expected that the rate will be invariant above a certain the

"

rotational speed.

In this first series, of. experiments the chromium etch rate

fid

(region 11) was determined: by the,procedure“igﬁgyln. The chromium

tiles were etched in the ‘rotational etcher at various agitation
’ 30

1
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'rates(§} the etchant solution. The results are plotted in

figure 3.2. At zero agitation thelrate is mass transfer
controlled thus the etch'rate is observed to be the lowest at
0.83 mmol Cr /uf-s. As the rate of agilation increases, the
thickness of the bbuﬁdary layer is decreased which in turn
increases the rate of mass transfer. Statistically the
mean etch rates at 0, 70Q, 900 and 1100 rpm are different ;t a
95 % confidence level. However ghe mean rates at 1100, 1500,
1700 rpm are statistically equivalent. Thus there is a point
after 1100 rpm agitation where the physical etching system has
no longer a significant effeet on the eteh rate. This

-

indicates &hat at an ag}tation rate greater than 1100 rpm,,
kinetic control of the etching reaction is occurring. This also
means that the bulk concentrations being measured by titration

are the same as the concentration of the etchant at the

substrate surface.

(ii) Discussion ‘

In diffusional controlled etching the surface

concentrations are far less .than the lneaStnred bulk
concentrations thus thewobse;ved etch rates are lowér. In an
industrial scale etcher such as the one used at IBﬁ gromﬁnt,
two types of nozzles are used: full flow fan noz?leé; and
conicdl nozzles. The spray pressure is bgtﬁken 120 and 160 KPa
at a nozzle ~-to- substrate distance of 18 cm. For .the same
reactant concentrations (0.4l mq}/L KMnO, , 0.50° mol/L NaOH-and

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

rates for chromium are known to be 1.22 mmol.Cr / @if s, and

«98 mmol Cr / n>s respectively for conical and fan noz les. Fan

9

nozzles yield better etch uniformity than conical nozzles but

w

0 31

{

'



[ U

& e
° +
PN
= [
a2
-+
0.00 T T T T T

1
0 0.2 0.4 0.8 0.8 1 1.2 1.4 i.8 1.8 2

AGITATION RATE ( x 1073 rpm)
E2. ¢ E3 -(A E4 x MEAN

Figure 3.2 Variation of Cr Etch Rate with Etchant Agitation Rate.
(KMnO, = 0.41 mol/L., NaOH = 0.50 mol/L, Cr = 0.29 mmol/L, 33°C)

¢

32




,3

s

t,

— . . P
the etchant flow to-the surface is less. Thus the boundary

i

layer iﬁ thicker on the substrate surface.

By comparing the two spray etch rates mentioned above to
S;; etch rates obtained by rotational etching shown in figure

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

'

equivalent to a rotational etch rate at 250 rpm. §imilar1y

w

with conical nozzles, the equivalent etch condition 1s at 620"

rpm with rotational etching. In both cases one sees that the
etch rates are ‘in the region of the curve where transport

effects control the eteh rate.

C. Surface Réughness and-Etching. 1

£

(i) Results )

The effect of surface roughness on the rate of the
dissolution of chtoﬁium will be discussed in this section.
Figure 3.3 shows the rate of etcﬁing at various surfqte
roughnesses. For this experiment, chrome tiles were polished at
Garious paper grits (table A.2.3), then the roughness was
measured according to the procedure in é.ZB. The rates were
measured acqerd?ng to procedure 3.1C. The rates expressed in
figure 3.3 and .all subseque;t figures 4ds the rate per unit
apparent surface area which is the geometric surface area of
Fhe tile and doeélhotuinélude the eféect of porosity ﬁBr

-

surface roughness.

12

The results show that the rate of the reaction depends on

»&he surface of the chromium sample. As the roughness increases,

the: etchant becomes exposed to more reactant and consequently

the rate of etching increases. The‘significant etch rate

increase occurs between 0.05 pm and 0.13 um rbqgﬁyess. After

~this jump, the rate remains réIatively constant and is not

. 33 ,
- S ) X \\w
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affected by the surface roughness. This last.}esult indicages
that there 1i8 point where the eteh rate is.- not a strong
function of the effective surface roughness and other
limitations to the system such as etchant concentration and
temperature pecome overriding factors.

(ii) Discussion ' .

a

In Chapter 2, a comparison between the surface roughness of
chromwm on glass slides and ceramics was made in figure 2.9.
Using this data and 'that of figure 3.3, the rate of etching of

top chrome is 75% higher on ceramics over glass slides.

Similarly the etch rate of base chrome on ce;amics ﬂk 63%
higher than on glas's slides. Thus a sqbstantialydeérease in
et¢h rate will be observed if glass is “Wsed as a substrate
medium rather than alumina ceramics. In the ma;ufacturing of
ceramics, there is wusually. a thin glass laminate placed on
the active surface. If this glass layer is so thick that the
roughness of the ceramic is reduced , there will be ‘residual
metal defects on the product due to reduced etch rates. Thus
the thickness of the glass laminate below the bﬁse chrome has
to be carefully controlled.

. The surface rouglness of ceramics-at 0.47 pm lies in the

plateéu region of figure 3.3. To eliminate one_more variable

from the kinetic study the surface roughness of the tiles wa#

adjusted to 0.47‘pm prior to the rate experiments. It should

\ |
also be pointed out that the surface roughness during a 35
minute dissolution experiment remaiﬁs the same. Figure 3!4

Egveals the effect of etchtime onthe surface roughness of tﬁé

-

substrate. The roughness change between 0 and 5 minutes etch

o

time is 8 X which is a statistically insignificant change.

&
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Plates 3.1 and 3.2 show qualitatively that there is no‘change

in the appearance of the surface of the same tile etched at 1

~agd 5 minutes.

D. Proposed Mephanism'for Chromium Etching.

¥ AN

.\

The etching of c¢hromium with an alkaline potassium
permanganate solution depends on the completBon of a

heterogeneous solid liquid reaction which causes the
‘ A

) o, ;o B -
dissolution of the chromium metal. Previous work in this area

k4

has led/mﬂ~tﬁ€/formulation of two reaction pathways ne of
which have been proven experimentally to represent the etching

of chromium metal by a solution mixture of KMnO, / NaOH. In the

first hypothesized mecﬁanism in [11], the first step of the'> -

reaction is the oxidation of C&m to chromium hydroxide:

’

-1 . ->
'Cr _+ MnO4 + 2H,0 & Cr(0H); + Mn0, '+ OH'

(C) Q) s) ©)

N

: ~
~ .
In step 2, the oxidation of cr*? to cr*® and disgsolution of

Ccr*® in base takes place.

s

Cr(oH), + Mno7' + oH' & cCroj?2 + 2Hg0
3 4 2

(s) ‘ W-)\\‘ ] Q)

Thus the overall reaction is given’by:

’

J )
Cr + 2Mno;' - 2Mn0, + Cro0;2
© . Y () @q)

The second mechanism st&died in [Sf is similar to the
first mechanism h;wever instead of the oxidation of Cr*3 to
Ccr*®before dissolution in step two, the hxdrate of chromium
C}(OH)3 is dis;olved in base as Cr*3 an& then oxidized f}om

-2 .
cr*3 to Cxr0, (c1*®* ). However the overall reaction and the

stoichiometry in both mechanisms is the same.
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Plate 3.1 Chrome Tile Surface

3

After 60 sec Etching.

J %,
b P
Plate 3.2 Chrome Tile Surface After 300 sec Etching.
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"Initial experiments which consisted of the ESCA analysis
p? the surface of chromium tiles (seetion 2.3D) showed that

there exists a layer of oxide in the form of Cr; O3 on the

"surface of chromium. Thus.the above mechansims are deficient in

that _they do not take the dissolution of the-Cr, 03 layer into

.account. Moreover when a Cr ile was placed in an etchant,

L

N

solu&idn at pH 7.2 with out any NaOH, no d&ssolution of
chromium.was oysérved for a 5 ;inute reaction time. The ORP of
tRHe ethhant‘golution under those condifions was measured at
about 800 mV. A consultation of the Pourbaix diagrams (figure
3.5) indicated that the aqueous chromium sptciesnpresent,under
these conditions is CrO[zindicating that thg dissolution of the
chromium should take.plaéé. However the presence of the oxide
layer retards the dissolution of the chromium within the
expgrimental time. . . | ,
Finally, the effect of the oxide layer is seen in figure

3.1 where two distinet kineti& regions are observed. Kinetic

experiments in each region (to be discussed later) reveal that.

16

the rate of Cthromium dissoclution in region I is dependent

on the concentration of NaOH only and the etch rate in

region II i; dependent'bn the- Mn0;1 and dissolved Cr
5 Y

4

concentrations only. As predicted by the Pourbaix diagrams
[12], the presence of Cr0;% Cr*3 , and MnO0;' were confirmed by

16% chromatography analysis of the etchant solution.

Based on the data, the observations and the consultation
/
of the chromium and manganse chehistry in [12], the following

' f IS
reaction pathway 1s proposed. The etching of chro%ium follows

.
two solid ~liquid reactions : the first is related to the

i

dissolutfgn of the oxide film and the second fieaction is
) /

reléted to the oxidation and dissolution'of the'underlying Cr

39
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metal., The first heterogeneous reaction is:

B K ’ ’ — H"' + - ‘
o Cra O3y + SHO 2 2Cr(OH) /

. The second .s0lid /1liquid reaction involves the ‘oxidation

N

of the Cr metal and its dissolution., The final stoichometry is

- the same as that proposed in [5] and [I1],

o

Cr + 2MnOg! & 2MnO; + Crog2
o “4taa) %@ 6o

Now that the basie interaction between chromium and -

potassium permangnate and sodium hydroxide has been

¥

established, the rest of the chapter will be Qevotéd to

| , . .
determining the factors that affect the rate of reaction in the
\y k

®

two etching regions.

/

E. Effect of [ﬁaOH], [KMnO4], TCr] on r and r.

@

~

- ‘ »
The data from the first set of experiments was used to

=
-l

determine the effect of the concentration of OH,

1

!(no’z1 , and
dissolved CrQIzexpressed as Cr*%n the initial rate r, and r. A
2- level Box-Behnken experimental design was used to determine
the significance of the conc¢entrations mentioned above on the

initial rate r, ‘and r, The range of concentrations of the

4 reactants wetevz
NaOH : 0.25 - 0.75 mol/L. . °
. KMnO, : 0.32 = 0.45 mol/L. *
cr 0 - 0,019 mol/L.
(o . These particular concentration ranges were chosen since

they are applicable to the etching process at IBM Bromont. The -

/

At
™~



detailed experimental conditions for €ach run and the

~

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

Appendix.

-

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

linepr lst order model for the initial rate r, was fitted -

b

the form : -

[ ri =
where r, = initial rate (mmol / m?-s).
Ve Ca = concentration of NaOH in mol/L. ©
Ch = concentration of KMnO4 in mol /L.
Cc = concentration of Cr0;2 expressed as Cr%

[Y

?> An analysis of variance (ANOVA) was performed on the fitted.
data and is outlined in Apgendix 4, The result of(the AﬁOVA
revealed that the linear model fit the experimental data but,

-
L

(/ the only significant coefficient was that for the concentration

— of NaOH. -
‘: - "Since reaction rates normally follew a power law
\ ;
relationship with reactant zoncentrations a non-linedr ' del of

the form r = k ca Cﬁ Cc was also fitted resulting in the

following lineatized relationship:

e

'

| “lanr, = 0.63 + 0.79 InCy + 0.03 1nC, 0.003 1lnCe / (345)

As in the previous case; the non-linear modgl did fit the data
lbut the only significant'coefficiént at "95% Ebn;idence interval
was that of Ca. . " ° : ' <.

A similar\stgtistical pfocedufg was perfofmed on the rate

s . . )
data for r. A 1inea? mpdel was fitted in the form :

r=0.16 + 0.34 ca\yfa.a} C, - 54.80 C; - (3,6)

i

B ;o s v

o
‘i . . ~ 42
.

“0.11 + 1.86 C5 + 0.11 Cp + 0.97 Cc (3.4)

(Vo




A t-test for the significance of the coefficients revealed B
that the coefficient for Cy was insignificant-at 95 Z.

confidence level but the coefficients for Cy and C, were found
to be significant. A non~linear model of the form r= k Cg CbB Cg
was also tried-butv"the statistical analysis revealed that the

. : : ! ' )
. model did not fit the data. 2 ,

Vc7
’

. * Based on the Box-Behnken experimental design apnd

o -

/ statistical ‘analysis of data, the initial rate r—; has been
shown to depend only on the NaOH concentration while r

depends - only on the concentration of KMnO; and Cr.

) — °

-
~

F. Determination of the Intrinsic Rate Lawse.

P

. The Box-Behnken experimehtal design can only be used to
determine which independent..variable has a signi\ficant effect
0 on the dependent variables. This experimental® design cannot be

g;sed to determ/;ne arate law. Thus the next set of experiments
: <

" were pecrform’ed by varying the concentration of one species
. T ;

while maintaining the other two concenttations constant.
Since r, depends only on the concentration of NaOH, The
/ v . o » % M
*, " rate was measured at various concentrations of NaQOH at 43°C in =

- o thé rotational etcher. The results are shown in figure 3.6. The
@ e .« - i

Y

plot shows a linear variation in r; with NaOH concentration.

_f

To confirm this oebset}rati;on .a linear regression of the data

was performedh"resultming in the‘follo‘wirig relation: ’
‘ L ¥

ry = 1.97 Ca + 0.04 , (r=.99) “ (3.7)
' 7

& ' - -

‘A non- linear model of the form r, = k 'Cgl was also, fitted

o ‘ to determine the order of the reaction, The resdlting telation ~

is : ] ) &? ., g

, . 43 .
| , . .
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r, = 1.88 Ca® (r=.98) (3.8)

e °

The t-test showed/thét the coefficient was significant at a 957

Fonfidence level, The confidence interval was calculated for
the coéffic;ent in equagion 3.8 and was found to be between
0.6Q and 1.04. One aiso observes in equations 3.7 aqd 3.8 that
the rate constants do not differ mich. “

\\\ Figure 3.7 compares the experimentai data to both the
\\ linear model inléquétion 3.7 and the non-linear model 1in
equatién 3.8. An inspection of the’ two curves shows that the
lineaf model fits the experimental data better than the non-

linear model., Therefore the in%rinsic rate expression fior oxide

dissolution is expressed as

r, = 1.97 Cga ‘ (3.9)

where: ky : 1.97 (L/mol)(mmol Cr / m®- s) @ 43 °C.

To determine the rate expression for r, experiments were
performed where the copcentration of KMnO, was varied at
constant NaOH and dissolved Cr concentrations. In the second
series of experihents the concentration of Cr was vari;Z at
constant ﬁééﬂﬁnnd KMno0y concentrations._The results for the {wm
series of experiments are shown in figures 3.8 and 3.9-

‘/;espectively.

In figure 3.8 a linear increase ‘in r with increasing-
concentration of KMnoO, is observed. In figure 3.2 a linear
decréase in rate with increasing dissolved Cr conceniration is
observed. ?he linearity is seen between chromium coﬁcentration

- s

of 0 to 0.020 mol/L. After this point the'rate levels off

0 “ at 0,023 mel/L.

45



mmol Cr / mi— g

o
-

.
2
0.00 1 I ' ] 1 i 1

1 [ i |
0.00 0.20 0.40 0.60 0.80 1.00- 1.20
. CONCENTRATION (mol/L)
®  EXPERIMENTAL —— 'MODEL 1 Jeee- MODEL 2

Figure 3.7 Variation of Initial Rate with-Concentration of NaOH.
Experimental vs Linear Model (1), Non-Linear Model (2).




p
o é;:;‘ “&”

(3

-

mmol Cr / m2— g

] 4 1

1

!
0.00 0.20 0.40 0.80
CONCERTRATION (mol /L)
E2 ° A

o Ef + MEAN A

Figure 3.8 Variation in Cr Etch Rate with Concentration of KMnO, .
(NaOH = 0.50 mol/L, Cr =°0.29 mmol/L, 43°C, 1500 rpm)

;

.
4 IV
.t \x.::(im e



] -

mmol Cr / m2—- g

2.20
2.00
1.80 -
1.60
1.40

1-20 he

1.00 -

0.80 -
0.80 -
0.40 -

0.20 -1

0.00

>

T ¥ L L] i I ] !

8 12 16 20

CONCENTRATION (mo! /L x 103 g
¢ E3 A E4 x 5

v

MEAN

. -2
Figure 3.9 Variatjon in Cr Etch Rate with Concentration of Cro,
(KMnO, =0.41 mol/L, NaOH = 0.50 mol/L, 43 C, 1500 rpm)

/ 48




.o

Using the experimental data from the two sets of isolated

exper:!.me‘nts shown in figures 3.8 and 3.9 the coefficients for

the rate expression-were éstimated. A fit of a firsQ order

I‘ .

model of the form:

and a.non-linear model of the flarm: » i
A Y
T =Kk Ct? Cc

¢
was attempted. The linmear expression is as follows:

r = 3.91\ Cb - S3c61 CC . ’ (3.10)

?

Similarly the non-linear model is :

r = 1.08 ¢2%c %7 (3.11)

Statistical analysis of the variance for each model
showed that the linear mfé;;lel ;it the experimental - data but
the non-linear model did not. In the linear mo\del both
coefficien;s were fc;und to be significant at 95% confidence
interval. The reaction is first order with respect to KMn0O, and
first order with respect to Cr. ”I‘he resulting rate e;tpression

applicable to the concentration range of KMn%' from 0.16 to
0.57 mo/1L and to the concentration  range of Cr €f‘rom 0 to 19
mmol /L is :

r = 3.91 C, =~ 53.61 C; (3.13)

'

where: k2= 3.91 (L/mol) (mmol /m?-3)
‘ . kg=53.61 (L/mol) (mmol /o%s) @ 43 °C
The estimated rate from this model along with the non-
linear model is plotted in.figures 3.10 and 3.11 alohg with the
experimental data, One observe_s in both plots that the linear

' . 49
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expressions fit the exerimental data noticeably better than
the non-linear expressions over the entire concentration range

of KMnO, and Cr0,~

N

G. Effect of Temperatyre on the Rate.
M N

Assuming thag*the temperature dependencies gf the rates ofv
the reactions taking\plac; in the dissolution of the oxide and
Cr follow the Arrhenius law; Arrhenius plots were made based on'
experimeﬁtal data where r and r was measured for temperatures
in the range of 20 toa60°C:
Figure 3.12 shows that the relation between ln ky and 1/T
is linear., From the d;ta, a linear regression was performed to
' estimate the a;parent activation energy E; from’the[siope
of figure 2.12 and the apparent frequency factor A, from the
- v

y° intercept. For the rate constant ky; the expression relating

f Y

ky to temperature is

ky = A, exp [-E; / RT] . ) " (3.14)
ke = 4.05 x10° exp [ -5.01x10%/ KT] (3.14a)

Ay = 4,05 x 1087 CP/mol(mmol Cr /m B) ;
Ey = 5.01 x 104 (3/mol)

For the réaction rate r , the expression relating ky, to

~ ] '
téemperature was determined from the data plotted in figure
3.13. One observes in this figure a linear variation in 1n(kz)

with 1/T. The Arrhenius equations for k, is -
ko=4.64 x 103 exp[1.86 x10Y RT] ©(3.15%)

. Az = 4.64 x 10° L/mol (mmol Cr '/ nZ-g)
Ey = 1.86 x 10 J/ mol : X J

852
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2.4 Conclusions

N S Gn A S W IS

\

\
AN
\

The development .and use of the rotational etcher has
apparently increased to rate of mass trangfer of the etchant to
the chromium Cr surface to the point whefre the rates that are

]

being measured are actually the intrinsic¢ rates of reaction.

The surface roughness of the metal [ does have aneffect on

the rate of Cr‘dissolution. The significant effect 'of surface
roughness on the eéch’rafes occurs at| roughnesses between
0.05 and 0.13 pm. At hiéher surface roughnesses of the
cﬂiomihm tile the effect is 1less
limitations to the etching system become the overriding
factors that affect the etch rate.

From the experiment?l dﬁta one observes two separate solid
~liquid reactions occurriﬁg during the etching of Chromium.
The initial rate which is related tbo the dissolution of the

oxide layer is _a first order reaction with respect to NaOH

concentration and follows the following rate law:

‘/RT] c, (3.16)

v

r, = 4.05x 10°exp[-5.01 x 101
The experimental data has‘showp the the dissolution of the
crlwith Mndf is influenced both by KMnOq4 and dissolved Cr as

Cﬂﬂ{ The rate law for (r) is expressed in the following

relation which is valid for concehtration of KMnO, between 0.13

ignificant and other

T, R R
TR R
vy %

v
1M
AN

mol/L and 0.690 mol/L and Cr concentrations between 0 and 19

mmol /L. 7

r = 3.91 €, - 53.61 €. at 43°C. (3.17)

\
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'Ti"‘t/e”aét:lvétion_ energy and npre-e.xp;one.nt:l;i .Hf.;c't;or for- kj,. -(t.he
) coefficient of Cp ) are 5.01 x 103 J/mol and 4,64 x 10* (L7 mol)

(mmol Cr/u*s) respectively,
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CHAPTER 4

CHROMIUM AND COPPER ETCH PROFILES

\

a o ' ¢ - -
y
+

‘4,1 Intfqduction . J .

- ——— - — -~ ———

The purpose of etbhing chrome and copper from metallized

o

ceramiecs 1is to produce a cirecuit pattern that will conform to: .

certain dimensional specifications for the final product. The

range of -electrode dimensions of particular concern to

metallized ceramics is 25 - 50 pum. Hohevér in integrated

4,

circuit manufacturing the electrode dimensions are Eyﬁ%%ally in

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

2

chemical etching methods are not used.

i
©

To achieve the one micron and sub~micron circuitry, dry,
v
{
plasma assisted Ytechniques such as sputter etching, plasma
etching and reactive ion etching are used [13]. The ddvantages

- e

of these techniques are in the control of the etch profile and

in the control of resist undercut. Chemical etching té%hniques‘

L] -~

such as dip etching, bubble etching and spray etching lead to
“ ¢

siﬁilar e

oo -
) Pz

i
1

mechanisms - occurring at the mg:al'surfécg causing equi-

@

directional (ilotropgc) etéhung. In commercial applications,
. 1 . .

spray etching has the Tastesf rates and the best control of

»
[

underchttinb“among the '‘chemical etching methods mentioneg

. R
aboves The reason for the higher rates is the high 'impingement

of the etchant on the metal surface and the high rate of

[ 4 N

solution repleﬁishment [14]. However the boundar} layer on the

metal surface is not eompletely removed at normal dperating
1 R ° [ &

pf;ssures (120-160 KPa). o

profilés due fo the diffusion and reactiony |

3

.
T R
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In :this chapter various etchdpfofiles common in the
. v,

K ' microelectronies industry will be discussed. A c¢comparison of

.
i

( the etch prefiles prod'u(:ed»b;v spray eteching and the etch -

profiles produceh by rotational etching (a method developed
@ " } I

during the course of thiB'%eseérch ) will be made. The effect
of the etech times of top chrome, copper, and base gfhrome on

, ¢
the undercut of the resist will be studied. In this study,

metallized ceramic substrates with nominal electrode widths of

25 um were used. Finally the three: common etech profiles

T
B

produc@&\Sy wes and dry etching meihods are describe The
° ~a, 5

objectives’of this chapter‘are summarized below:

>
-

. L
a. To determine the inter-relationship between Cr/Cu/Cr

: etch times on the resist undercut. R
}

’
b. To describe qualitatively the possibié etch profiles

that can occur and compare the profiles obta between

‘ spray etching and rotational etching.@ , .

4,2 Material and Methods T u

- — o ——— - —— - — — ——— — — - -

A. Etching of Copper and Chrome - Effect on Undércut. .

a

~

#

- ’ ) t

The etchant solutions for chrome (KMnO;' /NaOH) and copper

(FeCly; /HCl) were prepared ac&ordiﬁg to procedure 3.2A. The
N 3 - A}

concentrations of the etchants were as follows: h

@

Chrome etchant : Copper etehant

. . ‘ )
‘: NaOH 0.50 mol/L HCl = 3 %/ w

' T C i ! .
T = 43°C T = 29 °C

&g o,

0.41 mol/L - : FeCly = 35%/w

.
’
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=

.- .- L3

pH = 13.3 : . pH = 0.5 °

Agitiation = 1500 rpm ¢ Agitation = 1800 rpm-

Ceramic substrates were .used from IBM Bromogpt”s substrate
manufacturing line. The metal thickness, reqést thickness and

expose energy were all within the process specifications. The

1
(4

parts were etched in the rotational etcher using the procedure
outlined in 3.2B. The agitation rate of the etchants in the
reactor and the positioning of the parts in the feactor were
adjusted to reduce transport'effects to the surface,

To determine the effect of the etch times of top chrome,
copper and bottom chrome (which will henceforth be denoted as
Cr/Cu/Cr etch time) on the electrode width and undercut,'a
three level 3% full factorial design with four replicates at
the‘center was used., The three levels of the Cr/Cu/Cr etch
times were 30, 60, 90 seconds. The details of each
experiﬁental run are tabulated in table A.3.]1 in the apoenaix.

The dimensions of the eircuit lands were ﬁeasured under

indirect light at 400X using a Nikon Optihot metallurgical

microscope. An xyz table attached to the mieroscope stage was

"used to measure the land widths to 3.0, jpm accuracy. The actual

-

measurement of the undercut involved measurment of the resist
©

width §t’§rescribed locations on the part. The resist: was then

stripped off in order to measure the top chrome and copper

v

electrode width wusing direet lighting in the microscope. To

measure the base chrome undercut the top chrome and copper

!

" layers were etched from the electrodes to "expose the underfying

N

. A} N :
base chrome 1aFer.

- Fl

4,3 Rgsults and Discussion

A
.,
s

[pes-5i}
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A.ﬂuodeliﬁg of the, Cr/Cu/Cr Undercut
The results of the three level 33 factorial experimental
design were used to fit three linear models relating undercut
of top chrome, Copper, and base chrome to the Cr/Cu/Cr etch

times. Undercut is defined as t?e difference between the resist

width after exposure and the aetual metal land width after

etch.
’ The top chrome .undercut (U,) is given by :
¢ - .
J v
Where T, = Etch time of Top Chrome (s)
T2 = Etch time of Copper (s)
T3 = Etch time of Bottom Chrome (s)

* ' .
The model statistically fits the experimental data and all

three cogfficients are significant at the 957 confidence level.

A,
A

This indicates that the]fop chrome éimension depends on the

copper being efficiently etched underneath, The effqgt of base
g \

~
chrome eteh is to attagck not only the horizontal ‘base cr®
- - N

surface but also the top chrome surface. The top chroge is

easdier to undercuf because the resist layer is weak at ﬁhe
N . 3 L. . e
Jmetal edges. Also, the copper surface residing on top of the

base chrome is i IOO.timesthickeréand inert to the chromium
etchant., If the base chrome etch time is too |long, a
' L

phenomenon called copper striping occurs (to be discussed

, later). .o
The model for the‘copper undercut (Uz) 1is
Uz (pm) = =5.91 + = 0.09 Ty + 0.50 Tz - 0.06 [Ty  (4.2)

ANOVA 'of the statistical data found that the model fit the®

N 60
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experimental data but the coefficient of T, w%afthe only one

found to be significant at 95% confidence level. Thus the

resulting model for (U,) with T, and T, dropped is:

U, = -5.91 + 0.51 T, (4.2a)

® . T ) -
This result indicates the obvious dependence of the copper
layer and 1its etch time on the overall eireuit dimensign.
During the etch experiments forl the copper layer it .was
noticed that if a thin layer of top chrome remained, ‘the FeClg
at a pﬁ of 0.5 was aggressive enough to dissolve the chromium.:
If the residual chromium layer is thin, its effect on copper
undercut is minimal because of the etchant aéZressivity, but
if a substantial layer of chromumremains such as in the case
after 15 s Cr etch time, then residual copper will remai7/on
top of the base chrome. This etch time is lower than/ the
minimum time (30 s) used in the experimental deéign tthfthe
residual chrome effec£ is not réflected .in the model (equation
4.2a).

o )

The 1last model relates the base Cr’ undereut to the

Cr/Cu/Cr etch times
\ Ug" = 0.03 T, + 0.45T, + 0.33 T3 - 29.10 (4.3)

The model fit the experimental data but the coefficient of TI
was found to be insignificant thus was dropped from the model.

The final expression is therefore : ‘

U3 =0.45 T, + 0.33 Tz - 29.10 . (4.3a) i

4

o - .
The above relation showing that Uy is influenced by T3

I
1

emphasizes the difficulty of the etchant to penetrate under the

Cd’fﬁyer. As mentioned _earlier the thickness of the copper :is

A Y - 61 )



100 times the thickness of the base chrome, This difference is
¥ H ‘
‘E;\ the reason for the dependence of copper undercut on base chrome

undercut.

/

B. Qualitative Discussion of Cr/CufCr Undercut.
/ . ¢
. / -
H : / ) .
e ‘ Plates 4.1 to 4.8 show the type of electrode patterns

that c¢an occur at various Cr/Cu/Cr etch‘timgs, "as well as the
v / :
7. appearance of the metal fayers under the photo resist at

: warious etch times. With spray etched parts, the expected
undereut at Cr/Cu/Cr etch times of 60/30/60 seconds is 13.0 pum

(plate 4.1a) The photo mask which defines the circuit pattern,

is designed to take into account a loss inthe electrode width
during etching. This additional amount of land width is called
the etech factor of the mask and its objective is to assure

‘: .that all the electrodes on the part are within a certain

dimensional range after etching.

Comparison of ﬁlates 4.la, sho;ing an giample of a spray
etched electrode and plate Q.lb a rotationally etched electrode
reveals that for the same etch times of Cr/Cu/Cr, the

ro&ationally etched part has less undercut of tht resist (2 pm)

.

o ° than the sbréy eteched whiech has an undercut of 13 um. This

-

indica%es that at these etch times there is very little etching
" in the horizontal direction in the rotational etcher. This

further supports the e¢laim that rotational etching results in

t

;ﬁisptropic etching. -

\ Plate 4.2 shows the effect of an increased Cu etch time in

@ the rotational etcher on the e¢ircuit undercut. It is observed
that the undercut has inecreased to 13 mum whieh is coﬁparable

to spray etched undercut at Cr/Cu/Cr etch times of 60/30/60
L
62
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A. Ceramic
B. Photoresist
C. Top chrome

~— 38 um

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

Plate 4.1b Etched
sec. (400x)

Electrodes at Etch Times of Cr/Cu/Cr of\60/30/60

L ‘ :

BT L

hE



r

_l(’l?)ge ;1.2 Etched E’Iectrod'es at Etch Times of Cr/Cu/Cr of 6Q/60/60 sec.
400x ! .

AL

s

Base chrome

P

Plate 51.3 Etched Electrodes at Etch Times of Cr:/CuACr of 30/90/30 sec. .
(400x .




0O

seconds. . -

’

Plate 4.3 shows that at low base Cretech times, a small.

.

film of gﬂ’remains on the ceramie surface, hqwever at the same
time the Cu®’ has been etched to:§8 um Lndercut; This phenomenon
1s called 100%Z overetch which ls defined as the amount of
undercut below the nominal land width.

Plate; 4.4 and 4.2 show the effect of base cprome etch on
top chrome undercut. A close inspectiog of the elecg;odes show
that the top chrome layer‘has a smaller width than the
uncerlying copper which is seen as tthe dark fegion around the
electrode., This exposure of copper,f;om the overetching of top
ch;ome is called copper striping. quse 4.6 shows a more
detailed example of copper striping which has been produced by
extended top Cr®and base Crletch times.

Plates 4.7 and 4.8 show the'effect of high CuWetch times
at any Cretch times. In both cases 100% qverétch or total
underchtting’of the re;isf has occurred. This type of
undercutting causes open circuits as well as adhgsion proble%s
at the variiu% metal 1fteifaces as wegkly as at the

ceramic/ metal interface.

~

C. Discussion of the Etch Profiles.

4

In the previous section we saw the electrode patterns as

4

viewed from above., This method of observation in some cases

I
does not effec&ively represent the actual electrode geometry
!
and the true lateral dimension of the electrode. In this

section a more detaifed look at the electrode profiles will be

done from a cross sectional point of view.

ot The three typical eteh prof&les that can be ﬁroduced by

various etching techniques both dry and wet are depicted in

-

TN,
~ A nbi
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Plate 1 1 Etched Electrodes at Etch Times of Cr/Cu/Cr of 30
(100%) '

v

/30/30 sec.

A. Ceramic
B. Copper

Plate 4.5 Etched Electrodes at Etch Times of Cr/Cu/Cr of 30/30/60 sec, ¢

{(400x) . .
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Plate 4.6 Etched Electrodes at‘“Etch"'Times of Cr/Cu/Cr of 90/60/90 sec. -

Plate 4.7 Etched €

. ‘
lettrodes at Etch Times of Cr/Cu/Cr of 90/9

Photoresist
Top chrome
Copper
Ceramic *

)
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A. Photoresist
- B. Ceramic ' ‘
4
((J‘lj%toe )«1.8 Etched Electrodes at Etch Times of Cr/Cu/Cr of 90/90/90 sec. N ’
X
[4
. ‘ .
| ‘.
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figure 4.1. The etched profile in figure 4.1a is typical of wet

chemical etching and those in figure A.Ii(ﬁnd 4.l1¢ are typical
e

of plasma assisted etching techniques. T main objective of

!‘is.secéion is to show that profiles in 4.1b and 4.lc were

produced by wet chemical techniques in a rotational etcher. The

N )

profiles in 4.1b and 4.le, can be produced by 9ontrolling the

direction at which the the ions bombard the surface during

sputter or reactive ion etching. With this type of control

anisotropig etching‘(g.lc) or 80% anisotropy (4.Ib) can be
obtained. , . “l

»

The profile in 4.1b which i's a steep wedged profilé is
caused by the failure of the ‘;sist to adher; at the edges.
During etching Fhe metal atoms on the horizontal surface
unprotected éy the resist are remgved first. As etching ¢

continues, the resist at the e&ges of the land break off

causing the horizontal surface under the broken resist area to

‘be ‘exposed and éventuayfgm:?ched. The radial profile ip figure

4.1a is a result of isotropic etching. The reactants that
diffuse through the boundary layer react equally in all
directions thus the global rate of reaction is equal in both

the horizontal and vertical direction.

,

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

(Scanning Electron Microscope) cross sections were taken of the -

it
-

etched Cr/Cu/Cr electrodes. It is difficult to discern the top

chrome and base chrome layers because of their small thickness.

1
3

Thus the eross section in plates 4.9 to 4.13 are of 8 pm thick
copper electrodes.

Plate 4.9 shows a 25pm wide copper electrodeqspray etched

o

at. IBM Bromont’s spray etcher at 60/30/60/ seconds Cr/Cu/Cx/

eteh times. The profile observed with S.E.M. is similar fo the

t
- 69
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Figure 4.1 ' Comparison of Etch Profiles: a) Isotropic, b) Steep Wedge,
¢) Anisotropic * ‘ )
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profilé depicted in figure 4.la whicech is an isotfopic eteh
profile. As mentioned earl%er, spray e;cbing results in
isotnopic‘etching, that is ;he etch rate is the same in the
vertical and horizontal directiom, Initially'very littlé metal
1s removed from the vertical surface(oé the electrode., As time
proceeds more and more of the vertical surface is béing exposed
leading to anoincrease in the rate of m;tal removal from the
vertical surface. This results in a concave profile as §eén in
aldte 499. ' .
, b s

Plates 4.10 and.4.11 show S;E.M. cross sections of copper

d 50 pm width respectively. In both

’ . .
observed. This further supports the claim that with, rotational

@

., etching, one can obtain anisotropic eteh rates.

Plates 4012 "and 4.13 show rotatiﬁnally etched 25 and 30 jam
electrodes that have respectively undergone resist failure at'
the edges. The etch profile is still linear (80%‘anisotropic)
but the top edges nea} the faiied resist have been etcﬁed more
than thg bottom edges of the electrodes. In the last four
plat/s depicting the anisotropie eéch profiles, the dimensions

measyred by a mieroscope c¢can be used to determine the true

dimenglons of the electrode since the profiles .are linear.

\ e —

$.3 Conclusions

From the experimental data one sees that the undercut of

" the top chrome is dependent on top chrome, base chrome and
N\ :

éopper etch times. However the céppFr undercut is dependent on

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

even 1if some residual top ehrome remajins on the cdbper surface,
\L '
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Plate 4.10 S.E.M.° Cross Section of 28 um Electrode Rotationally Etched

" at Cr/Cu/Cr Etch Times of >30/>30/>30 sec.

R s

L AR



L

4 - . . P G 7. T 4

00 iSkU  ¥5,000.  {URWbed #nasy {5k

e

.
'
PR

¢ A

A ’

Plate 4.11 S.E.M. Cross Section of 50 um Electrode Rotationally Etched
at Cr/Cu/Cr Etch Times of >30/>30/>30 sec.
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Plate 4.13 S.E.M. Cross Section of 50;1m Electrode Rotati
at Cr/Cu/Cr Etch Times of >30/>60/>30 sec.
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onally Etched
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St

’copper etch.

. -

&

the FeCl, etchant is agressive enough to dissolve this metal
film. One also observes that copper striping is a results of
top chrome attack .during base chrome etch. Base chrome etch

seem to be heavily dependent 03 the efficiency of the top

\5

»

"One can conclude from the S.E.M. cross sections that the
rotational vetcher that was developed for this reseatch project
does indeed reduce transporf effects at the surfacde. The linear

~
edged profiles that were obtained show that anisotropy is being"

attained withachemical etchingmethod.

h]
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- ' CHAPTER 5

%ENERAL CONCLUSIO“E AND RECOMMENDAT%SNS
i { .

- ' |

[

The purpodﬁ of this thesis work was to study- the kinetics

©

of \chromium etqhing'in order to be able to understand this

. Fl ’
phenomenun that is occurring in the present etching process at
L

N

£
IBM. With a better understanding of the reaction mechanisms,

one can\investigate further process improvements.

5.1 Conclusions

- —— - - -

o

1. The surface rodghness of the substrate is important to

efficient etching. Thus a ¢lose control on ceramiec quality is

1

warranted to insure consistent etching.

The range in metal thickness on a substrate was
assum d to be small but the dgta shows that a large v¥riation
in the chrmmumlayer'c n%exist on one substgate. Thus dﬁring
thickness qéaqurement of the samples to determine if a

particular sputter run 1is within speéificationm it is

"important to be consistent in the areas being measured for

metal thickness. More than one area of Ehe’substraté should be

measured to insure -that theythickness of. the whole sufac% is

(-

within the proecess speecifications.

e

-

@

03. From the kinetics data ofe sees that the etdhing of

'hromium follows two reaction steps. The first step which is

telated to the dissolution of the oxide film 1s governed by the

o NE
:
,

[y

B e RBET AL




following rate law: ' i .

r, =4.05x 10%xp[-5.01x10YRT]Ca © o (3.18)
o o

The second reaction step is the dissolution of the.chromium

P b

metal and is governed by the following rate law:

r =3.91 G - 53.61 C, @43°C (3.17)

”

/

‘The activation energy and pre—~exponential factor for -k (th¥%
i

"coefficient of C, ) are 5.01 x 103 J/ mol and 4.64 x 10* (L/ mol)

(mmol Cr/uts) respectively. .

7
1]
N

5.2 Significance and Recommendations

. e - — . ———— = G — - —— ———

1. The knowledge of the etching mechanism indicates thag

-,

;:E in the commercial etching process the time spent to etch to

chromum layer is divided iffo two parts. About 60 % of the etch

time 1s used to dissolve the oxide layer,and— 40%2 of the time .

’ is spenf dissolvihg the underlying C;Vmetél. The ‘benefit of the
.oxige layer is th§t %t promotes good resist —uchtome adhesion
but if the oxide laye; i; too thick (caused by an air leak in
the sputter chamber) .the chrome becomes difficult ;r impossible
.to.etch. A possible rework procedure to be investigated when
the oxide layer is too thick is a ppssible Sre-dip of the parts
in a concentrated NaOH before the -parts are applied with
photoresist. | C 5 -

2: The determination of the rate laws and rate constants

for the chromumetch process allowsthe implementation of P I.D.

0 ’ t
control of the c¢hemical bath adjustments. esent work on the
b

3

etch process was to automate the bath adjustments using a

i /
) - : 19

S T

. Ta
. ek
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i ]
controller. However only - 0n/0ff control could befachieved

\
/ ’,
gsince no kinetics data existed for the e¢hromumetehing process,

Now that the rate constants are known, the controller transfer

v

funetions can be written and implemented into the control 1loop.

- —

[ 1
3. The intrinsiec rate laws that were developed show that

there is room for impfovement in the etehing rates. The bulk
eteh irates measured in the spray etchers are at least 207%
lower than the intrinsic etch rates. Thus modﬁfig§tions to the

spray system in terms of new nozzle configurations or new
, N "
nozzle type should be investigated to reduce transport effects

at the surface,’

4, Modifications to the bulk chemical concentrations

-

should be investigatéd4since the bulk econcentrations in the
§ )

spray etcher are not representing the concentfatﬁgns of the
N %

etchant at "tHe substrate surface.

A

5. The etch profiles obtained by rotational etehing are
-

. _ {

advantageous in that: . >

i)'@he Electrodf dimensidns measured by a microscope are
representative of the actual etched electrode dimension. In
the case of the spray etched parts, the concavity of the

electrodé makes it difficult to determine the true dimensi;n of
the electrode when fdcusiné from above; BN

11) The reduced undercufting of the’ eteched electrodes
means that the mask etch faetor can b; reduped thus pfivioup

space on the mask that was used to add'width to the electrodes

.

’

because of etch aggresivity could be used for additional

electrodes. That is the ecircuit density could conceivably be

-

increased 1f rotational etching is employed.

{
*

x .
4
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6. _The‘models developed to show the interrrelationship

between the various etch times on final cirecui diménsions,

with some additional éxpg;ig;nts, can be use tjo predict the

cifcqit dimenéions at a given eteh condition before the actual

parts are passed through fhe commercial sgraf etecher. This
I~

could reduce or eliminate the need for send-ahead samples to be
passed before the entireg lot is etched. The benefit of this

change would be increased throughput of the machine and reduced

inspection of the product.

Ea
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_plates", U.S.Patent 2, 572, 228, (Oct. 23 1951).

11
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TABLE A:il.l- BASE CHROME METAL THICKNESS MEASURMENTS

--—-————-.-—————-.—--———————--—-.——-'-—-—-———————---—--——--

GRID POSITION

- - — - m— ——

-1, 1
-5 1
"0y, 1
" .5, 1
1, 1
1, .5
1, 0
1,-.5
1,- 1
.5,-)1
0,- 1
~1,-1
-'1,-.5
-1, o0
.
-1, .5
‘=5, .5
a, .5
.5, <5
25, 0
5,=¢5
0,=.5
—.5,=.5.
=5, 0
0, O

'MEAN THICKNESS (&)

865

818

865,

740

800
705
815
785
815
685
710

737

630
640

670

875
890.I
810"
815
895 -

862
795
860 © .

ST.DEV

- s -

.
.
LT
L
ks
.
A

EO fal
PN



h TABLE “A.1.2 COPPER METAL THICKNESS MEASURMENTS . N
--------------------- ef e e o . = o o - o - = o o — s - - °
0 ~ GRLD.POSITLON N MEAN THICKNESS ‘(KR)  ST.DEV
N » - TTTTTToTToTTTTeeTeTe T T
L B
- -1y 1 5 69.84 . .54 B
il l [4
w_as, 1 5 " 42-40 1.78 7
- ' i (5\’31/‘ ¥ ’ . . k
i, \ 0, I RS . 65.52 2.34 «
1y . . ) - N ‘ .
- " o5,. by . 5 60.90 ,3.86 ¢
1; 1 5 ) 62.30 .34
o 1,..5 5 82.09 1.68
1, 0 5 82.63 1.88
- . py
B 1,-.5 5 79.95 2.34
& 1,- 1 - s " 81.55 3.45 -
+ . "“K" '
5,- 1 5 80.60 ] .68 .
-~ \ ify’““*n" ]
< I
0,- 1 5 81.80 <24 ¢ "
, - 1,- 1 S L 77.62 T 36
- 1,-.5 . 5 74.95 . .12
’ - 1, 0 " 5 . 63-04 ) 1.87
[
PR -1, .5 5 .58.12 2.24
L h .
-.5, .5 ‘s 63.44 "1.56
0, .5 5 84.15 1.32 ,
05, -5 5 83/.20‘ 2.04 -
.5, 0 . 5 79.66 .78
¢ ' e5,-.5 5 84.95 .45 d
£ § !
0,-.5 5 J . . 75.85 .12 '
—-5,_-5 N 5 76.80 "1.23
-.5, 0© ‘ .5 82.39 456 s
R ) J hd .
0, 0 5 82.12 W43
- B t
0 ' :
‘ .
\ ‘ . , .
- ( - b
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T AT

N e —

. .
GRID POSITION N MEAN THICKNESS (&) ST.DEV
=1, 1 5 94 5 3
. - r -
S N3 -
-5, 1 , 5 ¢ %020 8
. ° G‘ . h_ - *
) 0, 1 5 @ ’/’/))605 14
.5, 1 - 5 - 2015 11
1, 1 5 L 1440 13
1, .5 5 1425 6
1, © 5 i 1565 13
1,-.5 5 . " 1008 16
4 1,-1 5- 1162 10
e5,~ 1 5 - 1070 15
0,- 1 5 T 1105 16
-1,-1 .5 - 945 5
, M et
- 1 . 5 5 'j , . ‘ 1‘)0 %é 6
-1, 0 © 5 © 1140 2
v /\ \‘
-%1, .5 5 1145 - 4
-5, .5 5 1075 13
0, =5 5 1228 , 5
N » . l
- 5, o5 5 - 1130 .2
e5,20 5 \ 1358 . 9
¢5,=e5 - 5 - 1178 3
2 0,=.5 5 | 1068 2
’ -fs,—.s 5 10407 15 —
-.5, 0. 5 ‘ . 1160 6
LS
0, © 5 1131 4 <3
- - ? -~ ‘ H&\ L 4
86
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TABLE A.1/3 TOP CHROME METAL THICKNESS MEASURMENTS

R
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| - " -,
f o . " ZRBLE A.1.4 SURFACE ROU%ESS MEASUREMENTS .
; : ‘ A
J : ‘ . . . S ;
J .. SURFACE # OF MEASUREMENTS  MEAN ROUGHNESS, (pm) ST .DEV
e e s e m-— . " e e e o e s e o o - - ——— - - o - - - -t on m. -
| RAW CERAMIC 10 0.520° : 0.009 ‘
| - i ' 3 < ) '
i BASE Cr/CERAMIC 10 . s 0.534 . 0,007
[ s . . ’ .
| COPPER / CERAMIC 10 0.449 0.010
| TOP CR / CERAMIC 10 ' 0.4 54 0.006
| | ‘S -
\ GLASS SLIDE © s 0.009 - 0.005
| -
@ 4 .
i : BASE Cr /GLASS 10 0.034 0.008
» . ' 9 -
: COPPER / GLASS 10 0.024 0.012
! - y; N -
| , TOP Cr / GLASS - 10 ‘ 0.026 0.010
1 - -
1
1 \ ’ .
1 !
|
| - ' o *
p ! "
1 ) . \" r’ N
v /’ ? \\ - » - .
, )
Ji,).v { o .
- ” ¢ \ . t j
AN ‘ )
4 . . 87 . '



CALIBRATION AT 43.5°C '\J

ORP in mV

[

/ ' (Thousands):
.-Cr Coneg in g/L

Figure A.2.1 ORP CALIBRATION CURVE @ KMnOs = 65 g/L, NaOH =-20 \g/L' ‘
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TABLE A.2.1 QUANTITY OF METAL ETCHED IN A GIVEN TIME

v
e
4]
iz

3

01 -------------------- e A A U W M W WD W S GEE b SR G WEs SV N SN N AR AN M SN AN I A S S T 000 - a—
) ‘ | " TIME (8) mg Cr etched / en®
- . Bl E2 ©E3 %
by - [P —— - — -
= - b - i ¥
. 0 ' . 7 0.00° 0.00 0.00 0.00 0.00
4 .- 30 0.16 0.15 0.15 0.15 0.00
. o 6‘0\ ' 0.31 0.31 =  0.30  0.31 0.01
Y 90 0,46 0.48 0.49 0.29,8 0.01
a 120 . - 0.62 ©0.62 ' 0.63  0.62 0.01
180 - T.10_ 1.12 1.15.  1.I2  0.01
240 2.28 “~2.20" 2.30 2.26 0.05
300 3.21 3.22  3.18  3.20 0.02 °
‘ ’ LS %' ) P -
_360' B 4-37 i 4.50 n &041 4.43 0.04
ETCHANT. CONDITIONS :
. : KMnO; = 65 g/L
| . NaOH = 20 g/L
a ’ > 43 +2.C
0 ., e® . AGITATI/QN = 1.500 RPM
ke
‘ N ’ o )
P \ 7 .
\ * *&) ‘ﬁ

e
et A



ROTATION SPEED
. (RPM)

700
900

1100

1300
'1500°

1700 .

- = - — v = g = =

n?—-’-n—-----——---a——--—h—n-—-—-&--—‘————uuu----n-tq-u-

()

OVERALL ETCH RATE (mmol /, u’-'s)

e o e 7w o e e e o e S O e i B e e e

0.71

1.50

1.52
1.28
~ 1.63
1.53

1.51

ET:QANT CONDITIONS :

i ¥

¥

1.34
1.69
1.37
4:37

1.69

0.81
1.35
1.47
1.71
1.67
1.73

1.44

{
°

T4 MEAN
0.82  0.83
1.28 1.31
1.43  1.44
1,53 1.56
1.56  1.56
1.58  1.57
1.53 154

e —

sT.BEV

0.16

0.07

" 0.20

0.13

"0.14

0:11

KMnOs = 65 g/L

NaOH =.20 g/L
cr = .015¢g/L

TABLE A.2.3 SURFACE ROhGNESS FOR VARIOUS POLISHING GRITS

39°¢C + £C

. R G G G D S R I G T G G G S R G R W IR W G G S S G GRS G e Em N S R e S S G S D G T WS GYe e N e W

600

" © 400
‘ 280

180

UNPOLISHED

‘ i
0.062

0,133

9.768

0.938

13.100

90

N ST. DEV
5 -0.004
5 0.019
5 0.018"
5 </o.o17
5 0.235

&

PR3




4

- TIME (SECONDS)- -

AADLE Neles”

SURFALL RUUBLRBLOO VDEDUD blbn 4AI0

S WS S D D B SN AR SR W S S S S DI SR G R A Gn En B W W S " [P ---------F

)

«

SURFACE Roucanass (mn)

—— ! -----~------ ----——---

o

N

\—\ , . r
. T1 T2 T3 ‘T4 MEAN §T.DEV
60 ‘0.470 0.478 0.483 0.464 ~0.474 0.008
120 ' 0.453," 0.462 0.433 0.442 0.448 0.013
240 0.465 0.433 0.436 0448 0.448 0.012
\ - N | i
~ ETCHANT CONDITIONS: KMnOg 65 g/L
NaOH 20 g/L
~ Wt 40 +2°C '
————— ' AGI,TAT}O:; 1500 RPM
.‘: . [-o @ I
TABLE A.2.5 Cr ETCH RATE VERSUS SPRFACE ROUGHNESS.
——————— :Q-—---—————t—'.———————————-—————-——————-———:————--:

SURFACE ROUGHNESS MEAN OVERALL ETCH RATE. ST.DEV
(pm) R N (nmol / m® - )

E R K R R NN K _E X N K _JN_ X _X_JX XL J - ( ------------------------ j TO ----i--
0.064 5 0.86 & .08
0.135 5 1.41 ! .09

7 9.
0.923 5 " 1.55 - ~1l
ﬁ } 71}“ . nb

) 12.180 . 5 1.68 07
° N S A
13-85\5 5 1069 . / 034

ETCHANT cmml'rrons : KMnOs = 65 g/L.

. NaOH = 20 g/L
‘J\ 43°c s 2%C

' , AGITATION = 1500 RPM
o ‘
\ /"

-

b\‘s\?‘}
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AU . TABLE A.2. 6 INITIAL ETCH RATE vs CONCENTRATION o@ NaOH

............ ;4 ————— ..-_--.._-----..-_---....----------ﬁ-------
N o | : |

CONCENTRATION (g/L) INITIAL RATE (mmol / m®- s)

Bl E2  ‘E3 MEAN  ST.DEV

v .
— L » - Ry - - - - .--—._;l.g—
4 g l!; o
~ 7

"o 0 0 0 0 0,
5 0.32 . 0.34 036 _0.36  0lp2
"o , S0 . 0.8 0462 0.56 0,59 o.§3
L e i:> | 15 . .. 0.80 -0.82 0.0 ~ 0.81  0.01
. : . F L
20 ¢ 0,96  1.02 0,99 0.99 0.0
. ‘ (] . f
' N , 25 : 1.05 1.10 1.08,~ 1.08 0.02 ~°
o . , 30 154 1,51 1.57 . 1.54 0403
4 N
L .35 1.83  1.88 1.86 1.86  0.02
: o 40 ., 2.05 2,02 2.06  2.04 0.02
- - - ETCHANT CONDITIONS : KMnO,= 65 g/L
v ‘ . N Cr= .015 g/L
_ o L 431 2°C
v : ’ : ‘ AGITATION-RATE = 1500 RPM’
> - ) 1 ’
» S K )
1 . ,/ 4 - *
. - ,
a :\\ ‘ >
I -:.P.“
L - : 4
‘\‘ ) N "

W@Wﬁ?lﬁf’f“ ’ -
-

- L~
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¢ g
5 ) - “ - " , Qr iy
) ' B ° .
| TABLE A.2.7 ETCH RATE_vs CONCENTRATION OF KMno,
- ] t i ) - )
CONCENTRATION (g/L) ETCH RATE (mmol / - s)
' . El E2  E3 - MEAN ST.EV
‘ 0. . 0 0o 0 0. - 0
Ty 25 . | 083, b1 067 074 0.08 .
\¥ - 40 . 1.06  1.15 {3.2"5 ~ 1.15 ..0.09
. 'Y ) e
52 , To 0 6 1039 1.54 1440 0,08
™~ 65 ' LSI 0 1.57 1.57  1.54 0.04
N | : 1.89  1.99 2.12  1.99° -0.12
- . 80, © 237 2.4072.18 2,31 0,12
. ~ _ _ETCHANT CONDITIONS: NaOH = 20 g/L
) : Cr = 0 g/L-
‘: 2 ‘ Y 43%C .
| . AGITATION RATE :1500 rpm
s 7 A
L] h ? - . » ) -
) . S
é -
s L e



. . ~
L d

CONCENTRATION (g/L) . ETCH RATE (mmol / m? - g)
----- --\--—-ﬁ-—-q-—.n —----b-—-.——;----———------
. s . | ]
} ; .
. El E2 ' E3 E4 .ES MEAN sT.DEV
' .' ." . 5 ':"' - . " - — - - - »: ——-g - - R L L L
- - 0.0 T 144 151 1.63 - - 154 - 0.09
: 0.3 1.25 1.5 139 - - .25 0.10
- - 0.5 0099 1015 1006' - - * 1'06 , 0008
- : 0.7 " 0.80. 0.90 1.06 . 2~ - 0.93 0.13
1.0 0.48 0.54 0.42 0347 0.46 0.47 0.04
1.2 0.38 0,35 0.26 0.32 0.35 0.33 0.04
v 1.3, 0.42 0.32 0.22 0.28 0.31 0.31 0.07
o [ ) o0 -
~ o - - ETCHANT CONDITIONS: KMn0O, = 65 g/L

NaOH = 20 g/L

/\ b a 43°C
AGITATION: 1500 rpm

3

‘
.
.
.
.
i * { ’

TABLE A.2.9 RESULTS OF BOX-BEHNKEN DESIGN

--------- 't"---'j‘-—_-’-------"—--—‘--"'---"‘-"'
\ [NaoH] ¥ - [RMno, ] [cr RATE (mmol / m?- s)
. .« r; r
0.75 0.45 0.0096 1.58 ‘ 1.56
0.75 0.32 0.0096 1.55 143 L
0.25 0.45 0.0096 0.62° 1.50
: 0.25 0.32 . 0.0096 - 0.61 0.82 E

0475 0.38 0.0190 1.54 0.47

0.75 0.38 0.0000 1,62, 1.59

0.25 0.38 0.0190 0.65 0.48

0.25 0.38 . 0.0000  0.69 1.52

0.50 0.45 0.0190 1.03 0.69 .
S 0.50 0.45 0.0000 1.04 1.90
0.50° 0.32 ©0.0190 1.02 ° 1.08
| 0 0.50 0.32 0.0000 1.04 . 1.6
| 0.50 0.38 | 0.0096 . 1.03 1.09

0.50 0.38 0.0096 *1.03 1.07

~0.50 0.38 0.0096 1.04 ©1.07 .

_ @ . ‘ ETCHANT CONDITION: L\
: . AGITATION 1500 RPM
) 43t 2% °
- 94
f;:n_ L
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< TABLE A.2.10 INITIAL ETCH RATE vs &EMPERATURE e
- i ’ m- ------- --T- ““-“_—-—-—--hv ——————————————————— Il ‘%;3%
* ' ? - b v . N v ’ 4}:3
TEMPERATURE (°C) INITIAL RATE (mmol / mw?- s) C e
B :4 e e " - ooy e — - . \ - — - - — " o= " - - — i - j{
. . El E2 E3  MEAN  ST.DEV Bt
“ —— PR - —— e . o i t’-‘
20 *. . 0.22 0.24 0.21 0.224 0.02 ¢
35 "0.65 0.68 0.62 0.65 0.02
/
40 @ . 0.99 0.97 1.03 0.99 0.03
) 50 ' 2.08 1.99 2.02 2.03 o:ga
60 2.37 2.32  2.29 -2.33 - 0.03 )
N ! . . &

‘#ABLE A.2.11 FINAL RATE V;s TEMPERATURE

S SE et T I L EEREEEEEREREEEREER TR
TEMPERATURE (°C) FINAL RATE (mmol / m?2- s) °
P El E2 | E3. MEAN ST.DEV
~ 1 B . - - N - ——— —‘———;T
) 20 S 0.78 0.92 0.80 0.82 0.07
. . d . -
y 35 - ) 1.32 1.28 1.35 1.32  0.03 ©
- \]
‘ 40 - '1.54 1.56  1.53, l.54 0.02 N
Yy 50 ‘ 1.80 1.88 1.82 1.83 0.02 . .,
60 T 2.07  2.06  1.95 2.03 0.09
", ETCHANT CONDITIONS : KMnOs = 65 g/L
T NaOH= 20 g/L
Cr = 0.015¢g/L
. , ] "AGITA TION= 1500 rpm
> - ' L3
&
» h‘ . )
‘f »

‘
W
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TABLE A.2.12 INITIAL RATE CONSTANT vs TEMPERATURE

- M

------------------------- . "~ i o - a8 -
d 1/T x 10° (K) "~k (mmol /-m2- 8) *(L/ mol)
< 3w » : 0.44
¥ ,o i
! ‘ . 3.25 \ ) ~'1.30
L ' ‘ ..
- - - 3.19 ©1.98
3.09 4.06
N
: 3.00 . : . 4.66
' “ : &
[N
TABLE A.2.13 RATE CONSTANT vs TEMPERATURE
L4 @ e e o e v e e e e v e v e . Ve v e e TR v A o s e o - ————
: . - 1/T x 103 (K) (mmol/ m™s)*(L/ mol) _ - .
____________________________________ _/
| N 2 _
’ © 3041 a i ‘ 1098 4
" 3.25 - 319 1 ’
- ; \ .
. 3.9 3.72 '
. 3;09 ) )
Y “
. ‘ &3.00 ' : 4,90 : -
¥ ~ ¥
D
v ]
¥ ) . v’
P
AR} ’ _ -
':i &‘ ’ ' !
E\}‘T ’ ~ 96 ) a o
£ ,




RUN # ETCH TIME

VOO ~NA WK -

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

TCrx

ETCHANT CONDITIONS - CHROME ETCHANT :
=65 g/L
=20 g/L |
43°C ¢ 2G
1500 RPM

TABLE A.3.1 3 -LEVEL°3® FACTORIAL DESIGN RESULTS

— - . ——— T - WS A M At W WA WD Wmy i WS Gy S G T G SR GMS M W NEN R R SR GUS G W G R NS W S S G G

30
30
30
30
30
30

+ 30

60
60
60
60
60
60
60
60
60
90

90

90
90
90
90
90
90
90
60
60
60
60

Top 'Chrome; BCr
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* o & o 8 o, e . e
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e i O, O LN ON e O o0 0O N

NN OO OO

Base Chrome

AGITATION
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AVERAGE UNDERCUT (N=3) (pm)

38.1
38.1
38.1
38.1
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28.0
33.0
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" A.4. STATISTICAL ANALYSIS OF EXPERIMENTAL DATA

Adhod 'Hypothesis Testing

LY Y YR R R X PR L XL R )
\

A, Test furl; Equivalent Variances. :

-

) Shnece specific eéxperimental tuns used the same
procedure a éompafision of the variablity of the data for all
runs will be tested at the same time using Bartlett’s test for
multiple variances [15]. The applicable equations are:

. - C=1+ 1: nl 1 S
. -——- Yr-- - h-- (A4.1)
‘ 3(n+1) \pi Y pi .
i=1
- i
o . 5 = 1 n 2
- X (p - 1) st . (A4.2)
.o ‘ (Ypi-n) '=1
. - i ©
-— . A = - 1 n ‘ 2 *
T === ¥ pi e.ln(Si ) . (A4.3)
c =1 - -
/ SZ
Where : 54 = Variance of the ith experimént
2 = Pooled variance from Ah.2 N
' o n - = Number of experiments.
’ pi = Number of trials in ith experiment.
% * ©  The hypothesis to be tested is :
. Ho : 0’0:# 012%# g2%% gn?
' Hl : 00°= ¢@1*= g22= gn?
4 a = .05
1 \ . , Stat : = A , By,
o CoVe: = Chi Square at (a, n-1):
‘Coneclusion : If Stat > C.V. Accept Ho - Variances not eq:ual.
o - ) ' d

—
-

P



B. Test for quj/ivalence of Means.

™

The mean value for each experimental run will be tested

for some eXperiments to determine if the difference between

specific experimental .runs are significant The applicable
\ . .

/

-

equations are @

>
. 1 ™
Stat = t Sp [nA - nB ] 2 .
( 1-a) - ————— ' (44.4)
2 nAnB )
/ o . .
vV = Degrees of freedom = nA + nB .- 2.

w
o
L}

§w 7

The hypothesis to be tescted is :

Ho :* A *. pB
Hl :+ pA "= uB
‘. + .05 s

C.vi: |XAa - B ' ,
Stat: A4.4

3

i

Coneclusion : Acecept Ho if C,V. > Stat. Means are not‘equal.

. , i B e
" .. Test for Surface Roughness Experiments (table A.l.4) = --
. -
Definition of the terms : .- ' ' N
Ceramic: . ' Glass
2\ S
Unmetallized X1, Slz~ Xs, S“Szz _ : " s
Bage Cr X2, s2, . X6, S6,. ” 3
“agge Y3, s32 X7, s :
Top Cr X4, sS4 . . X8, s82 .
. ‘n o= 4 0 o= 4 4 . !
. pi= 10 pi =910 , /
\ . - . , / - e ,ii
o % > ‘ v ’g " ' u_'jj:i
. ] o,



The results for the Bartlett”s test are: .

L}
4 ~

Ceramiecs Glass

, . . . C =1 cC. =1
‘ e 52 =1.000067 st= . 6.2
A ' - A=3.4 A=2,9
, Stat = 7.81 Stat = 7.81_ ’
Conelusion ¢ Ho Rejected Ho Rejected

Thus ,the variance in the experimental data is equivalent

within 95 % confidﬁncé levei." ﬂ ' o

. v L. . .
! +The results for the t~test for equivalent means are:

- - ‘ * & 7 o
nl = w2, p2 % u3, nu3 =psé, p5 % pé6, ué6 ¥ n7, n7 = u8,
N . - Thus the surface roughness of each layer is different
- \ b

within 95°% confidence. . .

A

v v

- D. Test 'for the Agitation Rate experiments: (table A.2.2)

The test for equivalent variances and means was performed

v

* .to determine stastically if the rate data at an rpm less than
R
1100 was different from the rate data above 1100 rpm. If the

data is different then it would indicate that the system is in

kinetic control at an rpm greater than 1100.

2 ma— -
LT The vaflous conditions are defined as follows: 2
& i ~rpm = 0 X1, s12 -
s ‘ =700 X2, S2 | o
" o =900 X3, s3?
. = 1100 X%, sazz ° o “
. . : = 1300 X5, S5, : ’
= 1500 X5, s62 .,
= 1700 X7, §7

For the Bartlett’s test the following resulted:
- “e = 1407
S s2=.0}8 _
) ' A‘ 9-8 -t .

@ - Stat = 12,59 @ 9 5%

Conclusion: Ho rejected— the vdAriances are equal.

x
&t
- \

¢

o

b '
o -

ﬁ ° . ‘ 100
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The results for the t—test‘are as follows:

pl + n2, p2 + p3, 0l 4 ulo,“p/ﬁﬂ, -ps, B3 = p6, p6 =u7.

]

This indicéfbs that there is kinetic control at an rpm

after 1100 since the rates are equivalent at 1100, 1300, 1500
. s

rpm pgSpecfively and are different at 0, 700, 900 and 1100 rpm

respectively.

»

-
£

E. Test for the Surfape Roughness vs Rate Experiments.

(table A.2.4) X . >
The test for equivalent variances and means was performed
& . . .
to determine if the rate data at various surface roughnesses

are different. The.various éqnditions are defined as follows:

064 X1, si1? .

Ra =
= .135 %2, sz§
) = .923 f3, 83, {
= 12,2 X, s42 . .
= 13.9 X5, 85 f

For thg Bartlett”s test the following resylted:
¢ = 1,2
s2= .013
R [\‘ 7.5
) Stat = 13.70 @ 95%
- s Coneclusion: Ho rejected- the variances are equal.
v . %

-

\The results for-xhe°t-test are as.follows: -

. J (—
ml F w2, w2 F p3 , p3 F wb, pb = ps,

]

This indicates that at high surface roughness the rates

are equivalent aﬁd'thus surface roughness is not an important

[

4w

factor influencing 'the etching rate.

LN
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A.4.2 Analysis of Vj}iance for Statistical Models

»

A. Gener®l Terms and Hypothesis to be Tested.
3 5

7]

.

In all cases in the following éqalysis, the hypothesis to

be tested is onelwhere the lack of fit of the model (MSr) is
» \

Zompared to the error in the data (MSe) due to the regression

equation. The hypothesis is -as follows:

Ho : 02 < 0%
HL : % . 6%
Stat : MSr / MSe
g\& . ot C.Ve: F (Vr, ve) at .05/2
Conclusion : If stat < C.V. Then the model fits.

. 4
(’ To test the significance of ,the coefficients, the t-sig

value given 1in the ANOVA table iﬁ compared to alpha.= .05. If
t-sig is greater than .03 th? coefficient is insignificant and

should be dropped from the model. .

+ Be Ekperiment to Determine the Effect of iNaOH], [KMnO4]
and !Crl on the rates. :

«

el

TWe*effect of the above concentration variables on the

vwrates ri and r were determined from the experimental data. A 3

variable , 2 level Box-Behnken design with three repl;catesﬁat
P » . .
the center was used -at the experimental design. The conditions

L LI

° 9
for each concenttation are as follows:

»

Range in mol /L

- 0. +1
, Ca [NaOH] = - .25. .50 75
' Cb [KMnO,] = .32 .38 ¢ *N\45
Ce [Cr] = \0_000 ' .0096 N [.019
- . .
. __— 102 \
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relationship 1is : .

i, Model for r, :

* A linear model of the form

~

iJ ° *
6"” -
I, = by + byCy + byC  + b3Cg (A4.6)
’ -

was\fitted for the experimental data. The resulting

*

T

»

i
The ANOVA.table for this model 18 as fbllows:

o

SOURCE -~ "SUM OF SQUARES 1Z/D/F/  MEAN SQUARES -
""""""" :“""'“"""7""'5"""'"f"""""‘
REGRESSION 1.73 3 0.577
LACK OF FIT . 0.02 8 . 0.0025
ERROR , 0.01 *. 3 . 0.0033
TOTAL - ¢ 1.75 14 .Y

The hypoth"esis to be tested is therefore : °

Ho : 01‘2 < g e?
. Hl.: gr2 > 0é
Stat : MSr / MSe = .0025/.0033 = ,76
" C.V.: F (8,3) at .05/2 = 8.84
Conclusion : Stat < C.V. thus the model fits.

The test for the significance of the coefficients yielded

Y

' t-S1G Alpha = .05
bl 0.000 . keep
b2 .69'59 " drop
b3 .6385 - drop

ot

The ‘data was re-run through IBM STATPAK. with b2,b3 dropped.

The resulting model for r; is :

!'| = 1_08603 +0|01 (A408)
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Wien the model is re-run with’bz,bS dropped the coefficient of
Ca is the same indicating that the data is orthogonal.

11, Non-linear Model for Lo
.8,

A non linear model of the form :
(04 .
ri = k Ca Cb C(:y 2 (Al‘og)

<

" The resulting model for r, of a non linear forms is:
inr = 0,63 + .79 1nCa «031nCp -.011nCe (A4.10)

An analysis of variance was perforemed on the model

similar to that in i. The ANOVA showed that the model fit the

-

data and the coefficients b2 apd b3 were insignificant. The

final model with the b2 and b3 dropped is :

T, = 1.87,

o

c07® (Ab.11)

To check whether‘the coefficient of Ca spanned unity thé
confidence interval was clacuiate@ to %@:
0.66 { bl ¢ 1.004
Therefore the order of thé first reaction wasotaken to be
;nity. To further confirm this hypothesis, the predicted data
for the two models was plotted and indeed the linear model fit

the experimental data better, y

iii Linear Model of r.

A linear model of the form in equation A4.6 was fitted to
J

the data. The resulting relation :
-

1

r = .16 + .34C; + 3.4Cp - 54Cc (A4.12)

The resulting analysis of variance table is :
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The hypothesfs to be tested is therefore

. L

2

: 0
0? < e

&

J o
SOURCE . SUM OF SQUARES DF  MEAN SQUARES
: REGRESSION q 1,58 3 0.527
T " LACK OF FIT. - 0.03 8 0.0038
ERROR \ 0.01 © 3 0.0033
. TOTAL - 1.62 . 14

Stat : MSr / MSe = .0025/.0033 = 1.13
= 8.84 .
Conclusion : Stat < C.V. thus the model fits.

C.V.: F (83) at %.05/2

2

The test for the significance of the coefficlients yielded:

3

t-SIG Alpha =
bl 2814 drop
. b2 0144 keep
) b3 .0000 keep

- . 4

05

The last resulq indicates that-the rate in regien II of

figure 3.1 is only dependént on the [KMnOs] and [Cr]

coticentrations.
. V

iv Non- linear Model for r.

A non-linear model of the form in equation A4.9 was run

with- the éxperimental data. The resdfting equation is :

L

0.14 ¢ -

)
S
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T . S IR B
\ * The ANOVA table for this model is : . T o
— ‘ ke , *
) y ' - %,
SOURCE SUM OF SQUARES DF ME% SQUARES
vy REGRESS ION- -~ 071 3 0.238
. LACK OF FIT 1.67 8 0.209
ERROR : 0.19 3 0.021
‘ TOTAL ) 2.57 14
. | The hypothesis to be tested is therefore :
\o f
: ' . _Ho : 0;; < 0%2 '
: , H1 : ft » @é
» Stat : MSr / MSe = ,209/.02 = 10.45

M C-V-: F (8’3) at 005/2 = 8'84 3
Co Conclusion : Stat > C.V. thus the does not fit.

~.

A

oo The analysis of variance has shown that the model did not fnit‘:'

- \

] “ the data nor were any of, the coefficients significant. Thus the"

linear first-erder model seems to rep/'resent the data for the

rate of Cr Hwolution. » o C

) . \ C. Statistical Modeling of the Cr/Cu/Cr Undercut. . \

1

) Y

’ A. Description of Experimental Design. .
’ , " The effect of Cr and Cu eteh times on the top chrome,
copper, and base echrome undercuts wgs determined’

experimentally. The d'ata for the experiments and the etchant
econditions are tabulated in tabfle A.3.1.

A 3 level —33 factorial experimental design with four '
replicates at the center was used to derive stastical models
from the experimental data whieh ¢an be used to prediet the
r,é,aist undercut of the three levels@ of metallurgy based on the
(gf knowledge of the etch time. The nomenclature that will be used
‘ ) for the following statistical analysis is: -
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"Tobehrbﬁé'hndércut. (pm)/

:
.
[ =1
-
]

..U = Copper undercut. (um)

. B 'Ua = Base Chrome undercut (pm) .

Ty = Top Chrome etch time (sec).
~— - 'T, = Copper etch time (sec).

T, = Base chrome etch time (sec)%\

@

The range in the independant variables for the experiments

are [ .
- . "1 \ 0 +1
T, ¢ 30 60 90
“ | 1 - A

) | Ty . 30 60 90

. a . ¥ - &
\ , Ty: 30 60 90

NN . - 1) Model for u,.
A\

A linear-first order modelvfor.ﬂl was fitted to the data. .

The result}ng_equation for Ul 1is :
)

4
a

- ) U‘ NI "'0.93"‘ °0l12T| + 9'36T2 + . 0003T3 (A‘h“‘llo.)

~
A

The ANOVA table for this model 1is :

2 —

[

SOURCE SUM OF SQUARES  DF MEAN SQUARES

: : " REGRESSION - 2314 D3 771.0
. LACK OF FIT 948 23 41.2 \
, ERROR 146 4 36.5
] . / TOTAL 3408 * 30 . e
&\ =
r 3 - -~
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The hvpothesis to be tested is therefore :

: Ho : 8x < 6% ¢ : : -
. HI : 6% 3 o% i
o _— Stat : MSt / MSe = 41.2 /36.5 = 1.13
: o C.V.: F (23,4) at .05/2 = 5,77 ° .

Conclusion, " Stat < C.V. thus the model fits.

v .
The tes't for the significance of the coefficients yielded

' P t-SIG Alpha = ,05
i bl 02 . keep
. b2 » .00 keep
! : b3 . +01 keep -

Since all the coefficlents are s{énificant the ftodel shown

a
in equation A4.14 is the final model for Ul.-—

°
~

N i1) Model feor Uz2.

A linear first order model for Uz Was fitted to the data.

»

Thg,resultiﬁg equatidn for Ué is :

3

[
U2 = =5.,91 + 0.09T, + 0.51T, + 0.06Ts (A4,15)
3 . - ! - i (
The,ﬁNOVA table for this model is : |
g -
SOURCE . SUM OF'SQUARES DF MEAN SQUARES
| dy e e e e e e e e e e
REGRESSION 4371 - 3 1457.0
B LACK OF FIT 1026 23 446
v ERROR 200 4 20.0
_ _ TOTAL 5597 30
e o e e 0m e . e o o S i b e S i o o o o e
el \‘ . ‘
o # S
, " ) R ’
/ ) p—
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. The hypot(;sis to be tested is therefore : .

-

. . Ho : &r < 6%
H1 : & > 0%
- Stat : MSr / MSe = 44,6/ 50 = .89
. C.Vo: F (23,4) at .05/2 = 5.77

. - Conclusion : Stat < C.V. thus the model fits.

The test for the significance of the coeffic%énts yielded :

L . Ve
s ’ ) t-SIG Alpha = .05
\ ’ o
bl A1 drop
o b2 .00 . keep
™ . b3 . 26 drdp
’ . Since bl and b3 are insignificant the final model for U2
relating copper andercut to etch time is tﬁerefore:
- -
‘ U, = =5.91 - 0.51T, . (A4.16)
- (l ’ ""\f—‘__
. 111) Model for Uz. ’
) A linear figst order model ?br Us was fitted to the data.
, The resulting equation for Us is &
' - 7
U3 =- -29.1 + 0.03T, + 0.45T, + 0.33T, (A4.17)
The ANOVA table for this model is :
: SOURCE SUM OF SQUARES DF MEAN SQUARES
REGRESSI \s506 3 1835.0 Q
LACK OF FIT 1882 23 81.8 '
ERROR 1061 4 265.3
TOTAL 8849 30
T f s
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. ‘The hypothesis‘to be gssted is therefore :

) “ , .
‘. Ho : er’ < ef
. Hl :"ef » ek Y
Stat : MSr / MSe = 81.8/265.3 = .31

CeVie: F (23,4) at 005/2 = 5,77
Conclugion ¢ 'Stat < C.V. thus the model fits.

The test for the significance of the coefficients yielded :

t-SIG Alpha = .05
o Copl .76 drop
b2 .00 keep
b3 01 keep

3 The resulting model for U3 is a function of T2 and T3 only ,

thus resuling in the final equation relating base\Cr undercut

k-]

to eteh time: - ' p
t U3 = -29.1 + 0.45T, 0.3375 (A4.18)
¢ : ! w
b \
& - \ )
3 ) N ) |
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