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ABSTRACT

ANALYSI S OF CONTAM NANTS COWDONLY FOUND | N ELECTRCDEPCSI TI ON SOLUTI ONS

BY | NDUCTI VELY COUPLED PLASMA EM SSI ON SPECTROVETRY

Charl es Franci s Kovach
Master of Science

Youngstown State University, 1985

The efficient functioning of electrodeposition solutions is
governed by the application of current which induces the deposition of
net al . Any  interference wth this current can cause an
el ectrodeposition solution to becone inefficient. Inorganic inpurities
are the primary interferents causing solutions not to function. An
increase in the concentrationof inorganic inpurities may be caused by
contamnated raw materials, carry-over of previous electrodeposition
sol uti ons, improper rinsing, spray, and other processes  of
contam nati on,

The aci d copper el ectrodeposition solutionis the most comon
sol ution enpl oyed for the deposition of copper netal at a cathode, The
primary inmpurities of the acid copper el ectrodeposition solution include
zi nc, nickel, nanganese, alumnum silicon, silver, iron, tin, |ead,
titani um vanadi um and pal | adi um

[ nductively coupled plasma emssion spectronetry provides a
rapi d, sensitive technique for the analysis of inorganic inpurities at
levels which are encountered in an acid copper electrodeposition

™

solution. The Miltiquant anal ysis program when coupled wth an



i nductively coupl ed pl asma em ssion spectronmeter, provides a sinplified
t echni que of contam nant determ nati on. However, interfering element
and internal standardization corrections were not able to be
incorporated into the Multiquant program An alternate programwas then
constructed using the basic operations program supplied with the |L
Pl asma- 200 emi ssion  spectroneter. Thi s enabl ed i nterel enent
interference and internal standardization corrections.

In this study it was found that the analytical error generally
i ncreased as the copper concentration within the solution increased.
The anal yses performed by the Multiquant version proved unsuccessful
Using the basic operations programanal ysis was possible for the Iless
easily oxidized elements. Determnationof the nore easily oxidizable

el enent s agai n proved unsuccessf ul
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CHAPTER |

INTRODUCTION

Electroplating, a combination of both science and art, has made
its presence felt in almost every area of our world. "Electroplating
was born from science that demonstrated the remarkable ability of
electric current to reduce metal salts to metal. It soon aided the
production of beautiful objects and it became an art that was dependent
on the masters who learned how to coax attractive coatings from homely
solutions. "t

The process of electroplating entails the deposition or
"plating" of metals from solutions of the metal. As a voltage of
magnitude specific to the metal being plated is applied to a system a
metal anode is dissolved or oxidized. In the process of oxidation -the
metal ionizes and thereby takes on a positive (+) charge. The positive
ions are then attracted to the negatively (-) charged cathode, where
they are then reduced back to the elemental metal (zero charge) state,
and plated onto the cathode.

The actual process of electrodeposition is quite complex and as
a result electrodeposition has emerged as a separate field of
electrochemistry, with its "masters" still attempting to completely
understand the process. A complete knowledge of the solutions involved,
the electrodes, current, current density, deposition potentials, and
other variables, as well as the conditions at which the above are most

efficient, is necessary to successfully perform electrodeposition.



However, even when all conditions are optim zed, plating can still be
inefficient or inpossible due to the presence of contamnants in the
el ectrodeposition solution, conmonly referred to as an electroplating
bath. Contam nants present perhaps sone of the greatest problens in the
el ectrodeposition process and nust be constantly nonitored in order to
mai ntain their concentrations at a mni num

In the past contam nants were nonitored and their concentrations
measured by such nethods as titrations, voltammetry, potentionetry, and
pol arography. Wil e being dependabl e net hods, they can also be very
i nvol ved and tinme-consumng. Therefore, a sinpler nethod of solution
anal ysis for the presence of contam nants in el ectrodeposition solutions
has | ong been sought. Atomc em ssion spectroscopy appears to be a very
l'ikely candidate for a much sinplified anal ytical technique.

Atom c em ssion spectroscopy (AES) becane a useful analytica
tool in the analysis of el ectrodeposition solutions with the devel opnent
of the flame em ssion spectroneter. Although it was a very useful
technique, it did have its drawbacks, in that the flame emssion
spectrometer could only performsingle el enent anal yses, and then only
after sonewhat |ong standardization processes. Therefore, analysis for
several contam nants could be time-consumng. Furthernore, analysis of
sonme el enents was often difficult; flames did not provide high enough
tenperatures to accomodate their atomzation. Wth the introduction of
the inductively coupled plasma (ICP) these drawbacks have been
practically el i m nat ed. The i nductively coupl ed pl asna
excitation-atom zation source allows for much higher tenperatures,

maki ng possi bl e the atom zation, and thereby the analysis, of species



whi ch coul d not be handled by traditional em ssion techniques. Wth the
devel opment of the MJItiquantTM program a program allowng for the
sequential analysis of thirty different analytical lines wthout |ong
standardi zation processes, analysis has been even nore greatly
facilitated. Therefore, with these great advantages, it is only natura
that | CP em ssion spectroscopy woul d be considered as a possible tool of

the electropl ater.

Statenent of the Problem

Tradi tional nmethods of analysis of nmetal or netalloid solutions
can be very time-consumng. The scope of this research entails the use
of the inductively coupled plasna emssion spectroneter and the
Mul tiquant programto successfully anal yze acid copper el ectrodeposition
sol utions for contam nants, which when present in the solution, would
make the deposition of copper netal inefficient or inpossible. Icp
t echni ques have the advantages of increased tenperatures and nore
sensitive detection limts. Such an analytical nethod could provide
bot h qui cker and possibly nore dependable results than those nethods

present|y avail abl e.



CHAPTER 11

HISTORICAL REVI EW

El ectrodeposi ti on

El ectrodeposi tion, conmonly ternmed el ectroplating, is a branch
of the field of chemstry known as el ectrochemstry, that is, the field
of chemstry in which chem cal reactions occur due to the application of
an electric current, or in which electricity is produced by chem cal
reactions.2 El ectrodepositionis the process by which a substance is
deposited at an electrode due to the flow of current through the
solution.1

El ectrochem cal processes can be of two distinct types: (1)
el ectrolytic, in which current is applied directly to the nmedium in
order to induce the chem cal reaction, or (2 galvanic, in which the
reaction speci es thensel ves generate the electric current necessary,
thereby formng a cell.2 The electrolytic system is the basis of
el ectrodeposi ti on.

In the electrolytic systemthree conponents are essential for
el ectrodeposition to occur: (1) electrodes (anode and cathode), (2
el ectrolyte, and(3) external voltage source. |In order for electricity
to fl ow between the el ectrodes i n an el ectrochem cal system the anode
and cat hode nust first be connected externally to permt the flow of
el ectrons, and the two electrolytic solutions(those of the anode and
cathode) nust be in contact with each other, again to allowthe flow of
el ectrons and ions.3

In an el ectrochem cal system whether electrolytic or galvanic,



two chemcal reactions, reduction and oxidation, occur. The
rel ationship between these two reactionsis illustrated in general by
the foll ow ng reaction equation

xidized T ne — Reduced (1)
Speci es X7 Speci es

A typical electrochemcal cell is illustratedin Figure 1L

The quantity of electricity wused in the process of
el ectrodeposition is of great concernto the electroplater "since the
nunber of units of electricity that pass through the electrolyte during
electrolysis determnes the quantity of product formed at t he
cat hode. "' Instead of dealing directly with the applied voltage, the
el ectroplater conmonly deals with the anount of current which flows in a
system The two variables, potential (voltage) and current, are rel ated
through the fol | ow ng equati on:

E=IR (2)
where E is potential expressed in volts, | is current expressed in
anperes, and R is resistance expressed i n ohns.

The anpere unit sinply relates the strength of a current. It is
usual ly conbined with a tine factor, e.g., anpere-hours, in order to
relate the quantity of netal which will deposit at the cathode in a
given period of tine. For every 26.806 anpere-hours of electric
current, one gramequivalent weight (gram atomc weight divided by
nunber of valence electrons in an ionic species) will be deposited at

t he cathode.1

For exanple, the anmount of copper nmetal which wll
deposit at the cathode fromCu2+ ions in 26.806 anpere-hours will be the
gram at om c wei ght of copper, 63.57 g, divided by the val ence nunber on
the cationic species, or 2. Therefore, 63.57 g/2 = 31.78 g of copper

metal will be deposited at the cathode in 26.506 anpere-hours. Knowi ng
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Figure 1. Representation of an electrolytic cell.



the ampere-hour factor, the plating rate of the solution can also be
calculated.
Plating Rate = amp-hr x % efficiency (3)
sq-ft
As the electroplater is most commonly concerned with the thickness of a

deposit, Equation 3 together with the cathode efficiency can be used to

calculate the plating thickness. The cathode efficiency is that
percentage of the current that deposits metal.l
equivalent weight = equivalent weight (4)
amp-hr 26.8
=_8 at 100% efficiency (3)
amp-hr
o X amp-hr* = ¢ (6)

amp-hr  sq- ft sg-ft

sk
( Plating rate from Equation 3)

g X 1.000 = mils thickness (7)
sq-ft x 144 16.4 X sp-gr

With a knowledge of these basic principles the electroplater is able to
not so mysteriously produce metal at a cathode from a liquid solution of

a metal.

Electrodeposition Solutions

The primary electrodeposition solution studied in this work was
the acid copper solution. Copper deposition is one of the oldest
electrodeposition techniques in use today. Copper is the most abundant
of all noble metals, and is highly corrosion resistant, ductile, and

highly conductive.1 Therefore, copper plating is not limited to



decorative uses, but is also utilized in the electronics industry.
In the acid copper plating solution a copper salt, wusually
cupric sulfate (CuSOA) is dissolved in a water/sulfuric acid mxture.

2+With a maxi mum

Copper i s then anodical ly di ssol ved, or oxidized to Cu
anode efficiency. Since copper is easily reduced, and since a maxi mum
anode efficiency is initially achieved, it can therefore be expected
that the cathodic reaction (electrodeposition) wll proceed wth

1

approxi mately the sane nmaxi numefficiency. Since copper is a "noble

netal™ it will preferentially deposit over nore base netals which could
be present in the solution as contam nants, such as zinc or iron.1

The various acid copper plating solution formulations are all
very simlar, usually differing qnly in the acid and copper conpound
used. Three of the nost conmon acid copper plating solutions include
the sulfuric acid solution, the fluoboric acid solution, and the
pyrophosphate solution. The sulfuric acid solutionis the nost commonly
used of the three fornul ations. The pyrophosphate bath consists of
copper pyrophosphate, potassium pyrophosphate, and ammonia, and is
usual |y operated in a pHrange of eight to nine. Typical formulations

for the sulfuric acid and fluoboric acid solutions are the follomjnglz

Sul furic Acid Sol ution

Const i t uent g/L oz/gal
CuSO4'5H20 200-250 27-33
H,SO 45-75 6-10

2774



Fl uoboric Acid Sol ution

Const i t uent g/L oz/gal
Cu(BFA)2 330-360 44.,0-48.0
HBF4 20-25 2.7-3.3
H3Bo3 20-25 2.7-3.3

Specific gravity = 1.27-1.29
pH= 0.6-0.9

Copper deposits are easily formed from these three electrodeposition
sol utions, however the grain tends to be rather rough. The grain can be

softened by the use of addition agents.1

Cont am nant s

Al t hough use of the acid copper el ectrodeposition solutionsis a
relatively sinple and efficient nmethod of plating copper, contanination
of the bath solution can easily cause the plating process to be
inefficient or even inpossible. Sonme of the nore common contam nants as

well as their limts and effects are listed in Table 1.4



TABLE 1

COMMON CONTAMINANTS OF ACID COPPER ELECTRODEPOSITION SOLUTIONS

Element

Aluminum

lron

Lead

Manganese

Molybdenum

Nickel

Palladium

Silicon

Lower
Limit

10 ppm

60 ppm

10 ppm

5 ppm

10 ppm

Effects

Used as guideline on cleanliness of bath.
Uncertain of effects upon deposit.

Degrades physical properties of deposit.
Degrades performance of solution

Precipitates, becoming incorporated into
the deposit.

Degrades physical properties of deposit.

Degrades physical properties of deposit.

Degrades physical properties of deposit.

Causes surface staining.

Uncertain of effects upon deposit.



El ement

Silver

Tin

Titani um

Vanadi um

Zi nc

Lower
Limt

O ppm

10 ppm

1 ppm

1 ppm

10 ppm

Ef fects

Attacks brighteners within solution

Degrades physical properties of deposit.

Cat al yzes deconposition of solution
constituents.

Cat al yzes deconposition of solution
constituents.

Deactivates organics in solution.

Degrades physical properties of deposit.

bi



CHAPTER III

METHODOLOGY

I nductively Coupl ed Pl asna Em ssi on Spectronetry

I nductively coupl ed plasna em ssion spectronmetry is a relatively
new branch of em ssion spectroscopy, which began in the early 1960 s.
Em ssion spectroscopy itself is based wupon the emssion of

> In an em ssi on

el ectromagnetic radiation by atomc particles.
spectroscopi c nethod, a sanple is initially nebulized into a heat source
where it i s vaporized and atomi zed. The nost common atom zati on sources
are electric arc and spark devices, flanes, and plasnas. Once the
sanple is atom zed, its outernost electrons absorb energy, thereby
raising the atomfromits ground state to an excited state of higber
energy. This is known as the excitation process. The excited state to
whi ch an atomcan be raised is very specific to each elenent. Once
raised to an excited state, the atons rel ease the excess energy which
they absorbed. Just as the anount of energy absorbed by atonms of
different elenents is usually specific to each elenent, so too then is
the amount of energy(radiation) whichis emtted by atoms of different
el enent s. The process of emssion spectroscopy is illustrated
pictorially in Figure 2.6

The radiation which is emtted in the emssion processis of a

particul ar wavelength(s), depending on the transitions undergone by the

val ence el ectrons. These wavelengths are wusually wunique to each
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Figure 2.

Pictorial representation of emission process.
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element. This difference in wavel ength makes it possible to distinguish
radi ati on of one elenent fromthat of another, thus rendering eni ssion
spectroscopy a qualitative technique. By using a spectroneter and
measuring the quantity of emtted radiation at a given wavelength, it
shoul d be possible to quantitate the concentration of an el ement present
in a sanple. The anount of radiation emtted is proportional to the
concentration of the solution. Standard curves of emission intensities
versus concentration can then be used to determne the concentration of
a sol ution of unknown concentration. Thus, em ssion spectroscopy can be
considered a quantitative technique as well. Simlar procedures can be
perfornmed on nost nmetal or netalloid el ements.

In the atonic em ssion process, the atonization and excitation
of the sanple are the mgjor steps which first nmust be successfully
acconpl i shed. The major characteristic of i nterest in the
atom zation-excitation process i s the tenperature which can be obtained
by the source. The tenperatures which can be obtained by using vartous
atom zation-excitation sources are illustrated 1in Figure 3.7
Tenperature i s an essential variable of the excitation process, in that
the tenperature, along with other mnor variabl es, determnes the degree

to which excitation of the sanple occurs. This tenperature dependence

is best illustrated by the Boltzmann Equation:5
N, P. expf/-E. 8
i h p[ ; (8)
NO Po \kT
wher e Nj = nunber of atoms in excited states
NO = nunber of atoms in ground state
k = Boltzmann constant (1.38 x 10_16 erg/deg)
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tenperature i n degrees kel vin

m
1l

energy difference in ergs between the excited state and the

ground state.

P. and PO = statistical factors that are determ ned by the nunber
of states having equal energy at each quantum/| evel.

As can be seen from this relationship, the higher the
tenperature of the atom zation-excitationsource, the larger will be the
ratio of the nunber of atoms in the excited state to the nunber of atons
in the ground state. H gher tenperatures provide greater efficiency in
the atom zation-excitation process, and thereby provide (greater
sensitivity in the qualitative and quantitative determnations of
el enent s.

Since the excitation source is of such great inportance, a
sour ce which coul d surpass the tenperatures attainable with an ordinary
flame was | ong sought. Although the flane was able to reach relatively
hi gh tenperatures (ca. 3000 K, the flame itself was a chenica
environment which often affected the sanple, often adversely. By the
end of the 1950's a new excitation source was being considered--the
capacitatively, or inductively coupled plasma. In the early 1960's the
first working plasna was constructed. Early in its developrment the
advant ages of the | CP were already recogni zed: "() high atom zation
tenperatures, (2) capability of being sustained in noble gas
environments(inportant fromfree-atomlifetinme considerations), and(3)
freedomfromcontam nation fromel ectrodes, since none were required. 3
By the 1970's spectroneters were bei ng designed to accormodat e t hese new
atom zati on- exci tati on sour ces.

"By definition, plasmas are gases in which a significant



fraction of their atoms or nolecules is ionized."9 In an inductively
coupl ed pl asma source argon flows through three concentric quartz tubes
(Figures 4 through 6).9 Around the top of this tube is placed a
wat er - cool ed i nduction coil, which is powered by a radio frequency
generator. This high-frequency generator nornmally operates in the
4-50 M range, producing 2-5 kW of energy. Wen power is supplied to
the generator, nothing initially happens to the flowing argon. Once the
tube is "tickled" with a Tesla coil, or by some other mechanism the
argon becones "seeded" with electrons. The argon gas then spontaneously
i oni zes, formng the plasm, which thereafter i s capable of sustaining
itself until the power is again switched off. The ions of the plasna
interact with the high frequency currents in the induction coil causing
the ions and electrons to flowin closed annul ar paths inside the quartz
tube, resulting in the formation of so-called eddy currents. The
resi stance of the ions and electrons to flow in this way results in
Joul e or ohnic heating. The tenperatures achieved by such a plasma can
be so great (9000- 10,000 K, that it becones necessary to thermally
isolate the plasma fromthe outer quartz tube. This thernmal isolation
I's acconplished by tangentially flow ng argon around t he outside wall of
the quartz tube. By so doing, the inside walls of the tube are cool ed,
forcing the plasma to be centered radially. 5,9

The sanple, usually a liquid solution, is then carried into the
hot plasna by either a pneumatic, ultrasonic, or cross-flow nebulizer
(Figure 7. 8,10 (

sanple is then carried through the plasma. O ten nebulizers are capable

A cross-flownebulizer was used in this study.) The

of handling different types of sanples, including aerosols, thernally

gener ated vapors, or fine powders.5 Alterations in nebulizers nmay be
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Figure 6. Magnetic fields and eddy currents generated by an
induction coil.”
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necessary in order to acconodate these different types of sanples.
Al though the sanple is carried through the plasma, it is currently under
debate as to whether the sanpl e actually reaches the hottest part of the
plasma. In the tube the plasma conforms to a doughnut shape. The
doughnut represents the hottest part of the plasna. The sanple is
bel i eved to pass through the hole of the doughnut, avoiding the highest
temperatures of the plasna. However, the tenperatures encountered in
the plasma still exceed those of conventional atom zation sources.

The plasna itself takes on a very flane-1|ike appearance, as can

be seen in Figure 8.5

Normal 'y, the plasma consists of a very bright
whi te, nontransparent core. On top of this core extends a flanelike
tail. The core itself extends only a fewmllineters above the tube.
This core i s conmposed of a continuum upon which the spectrumof argon is
superinposed. The argon spectrum originates basically due to the
reconbi nati on of argon ions and el ectrons. Approximately 10-30 mm above
the core the plasma becomes transparent due to the fading of “the
spectrumcontinuum Spectral analyses are wusually perforned in this
regi on, normally between 15-20 mm since background interferences due to
argon are mnimal inthis region.5 As is evident fromFigure 9, in the
region of analysis the tenperatures obtained in the plasma are
approximately five to six times hotter than those obtained in conmonly
used gas flanes.5 This increased tenperature provides for a nore
efficient atom zation-excitation process, adding greater sensitivity to
t he techni que.

Since such high tenmperatures can be achieved in the plasma, it

has beconme an ideal excitation source. Due to the high tenperatures and

the constant fl owof hot argon, common spectral interferences such as
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sel f - absorption, reversal effects, nol ecul ar interferences, and
interelenent interferences are wvirtually elimnated. As a direct
consequence t hereof, calibration curves of concentration versus em ssion
intensity perforned using an |ICP tend to be linear, whereas those
obt ai ned using flane sources tend to have an upward curvature at very
hi gh concentrations due to such spectral interferences as |listed above
An additional advantage resulting from the I ncreased
tenperatures provided by an | CP source is the sensitivity which can be
achi eved i n anal yses. Using conventional flanme nethods, analyses were
commonly only possible for nmajor to trace constituents (parts per
mllion level). When using an ICP source one is able to perform
anal yses often as lowas the ultratrace | evel (parts per billion level).
Thi s added sensitivity has definitely guaranteed the |CP atom zation

source a principal roleinthefield of analytical chemstry in the

future.
Mul ti quant Program
Si nul t aneous nul ti el ement analysis i s not uncommon in the field
of inductively coupled plasnma emssion spectrometry. Tradi tiona

multielenent analysis is performed by wusing a direct r eadi ng,
mul ti channel pol ychromat or (Fi gure :KD.S Wiile definitely having its
advant ages, such an instrument requires a separate detector for each
el enent of interest. |In order to add or change el enents, detectors had
to be added or changed. Wth the advent of the scanning nonochromator
anal yses coul d be perforned at various wavel engths with relative ease,
sinmply by programming the instrunent to anal yze at a given wavel ength hy

nmeans of a conputer. This made nmultiwavelength, and thereby
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nul tiel ement, analysis a relatively sinple task; however simltaneous
mul tielenent analysis with a scanning nonochromator was still not
possi bl e. In the early 1980's an analytical program called
Mul ti quant ™ was developed for the Instrunentation Laboratory
Plasma—ZOOTM | CP em ssion spectrometer. The programenables the rapid
sequential analysis of several elenents at various wavel engths,
elimnating the tine and trouble consumed by multielenent analysis
perfornmed in the traditional manner. The program provides qualitative
and sem quantitative analysis. A so, an autonated wavel ength scan and
graphi c anal ysis at each wavel ength are possible.11

The original Miltiquant program consists of twenty-nine
different el ements neasured at thirty different wavel engths; barium is

11 Calibration of t he

included in the program twce (Table 2.
instrument is acconplished by using a blank and a three-elenent
standard. The three-el ement standard i s conposed of the three so-called
header elenents, whose analytical lines are scattered across the
spectrumaccessible to the ICP emssion spectroneter. The header
el ements and their correspondi ng wavel engths are: Zn (213.86 nmm, Cu
(324.75 nm, Ba(233.53 nmand 455.40 m. The three-element standard
consi sts of 10 ppmZn, 10 ppm Cu, and 5 ppm Ba. 11

As part of the start-up procedure of the Miltiquant program the
three-elenent standard is first run, followed by the blank. Intensities
for the remaining elements in the program are then related to these
three standard el enents and their emssionintensities. Each element in
the program is then referenced to the header elenent of nearest
wavel ength. Each lineis then calibrated to this header elenent by a

11

predetermned ratio, which is entered into the program Before the



TABLE 2

ELEMENTS | N MULTI QUANT PROGRAM

ement Wavel ength (nm)
Ag 328.07
Al 396.15
As 193.70
B 249.77
Ba 455,40
Ba 233.53
Be 313.04
Bi 223.06
Ca 317.93
Cd 214,44
Co 230.79
Cr 205.55
Cu 324.75
Fe 259.94
Li 670.78
Mg 285.21
Mn 257.61
Mo 202.02
Na 589.59
Ni 231.60
Pb 220.35
Pd 340.46
Pt 265.95
Sb 206.83
Se 196.03
Si 251.61
Sr 407.77
T1 351.92
v 290.88

Zn 213.86



o
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programcan be successfullyrun, standard solutions of all elenents
listed in the programnust be run to determne the correct ratio of
near est header element intensity to analyte intensity. Wen the correct
rati o has been determ ned the standardization process i s conplete.

The programitself can hold up to thirty analytical |ines. The
four header elenent lines must be included in every Miltiquant program
however the programitself can be edited to contain other elements or
other emssion lines. The usual variables present in any inductively
coupl ed plasma em ssion spectronetric method including torch observation
hei ght, and background correction nust also be optimzed in the
Mul tiquant program The usual advantages of Inductively Coupled Plasma
Em ssion Spectronetry(ICP-ES), including mninzing of chemcal and
vapori zation interferences and analysis in the trace to wultratrace

| evel s, are retained i n the Miltiquant program



CHAPTER |V

MATERI ALS AND | NSTRUVENTATI ON

Material s

Table 3 provides a list of all reagents used in this study. All
were used wthout further purification. The water wused in the
preparation of all standard solutions was deionized water which was
consecutively passed through three additional deionizing columms.
Actual sanples of contam nated acid copper electrodeposition solutions
were used as confirmation of the success of this study. The acids used
(nitric acid and hydrochloric acid) were double distilled, high purity

acids, stored in teflon bottles.

I nstrunent ati on

Al analyses in this study were perforned on an Instrunentation

Laboratory Pl asma- 200 | nductively Coupl ed Pl asnma Em ssi on Spectroneter.

I nstrunment Specificationsl2

1. RF CGenerator. The IL Plasma-200 is equipped with a two kil owatt
RF CGenerator. The frequency of the systemis crystal controlled

at 27.12 M.

2. Torch. The torch used in this study i s constructed from three
concentric quartz tubes(Figure 10). The outer tube has a

di aneter of 20 mm, while the inner tube, which is responsible
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TABLE 3
REAGENTS
Element Concentration Grade Manufacturer
(ppm)

Ag 1000 Certified AA Standard Fisher Scientific
Al 1000 Certified AA Standard Fisher Scientific
Ba 1000 Certified AA Standard Fisher Scientific
Cu 1000 Certified AA Standard Fisher Scientific
Fe 1000 Certified AA Standard Fisher Scientific
Mn 1000 Certified AA Standard Fisher Scientific
Ni 1000 Certified AA Standard Fisher Scientific
Pb 1000 Certified AA Standard Fisher Scientific
Pd 500 @ - TTTTTTTTTTTTTTTTT
Si 1000 Certified AA Standard Fisher Scientific
Sn 1000 Certified AA Standard Fisher Scientific
Ti 1000 Certified AA Standard Fisher Scientific
Vv 1000 Certified AA Standard Fisher Scientific
Zn 1000 Certified AA Standard Fisher Scientific
Zr 1000 = e TTTTTTTTTTTTTTTTS
Triton X-100 —-=-—= = seeeesseeenennaaaann Fisher Scientific
HC1 _—— Triple Distilled  —==—————————mmoe
HNO ——— Triple Distilled

3
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for sanple introductioninto the plasna, has a dianmeter of 1.5
mm. Argon flows tangentially between the outer and m ddl e tubes
at 14-18 L/min. The tangential argon flow between the mddle

and inner tubes is approximately 0.5 L/min.

Sanpl e Introduction. A conputer controlled peristaltic punp is
responsi bl e for sanple introduction into the plasna. Sanmpl e
flowto the torch varies between 0.1 and 22 mlL/min., the
selected flowrate being programred into the m croconputer. A
cross-flownebulizer with sapphire gas and sanple orifices was

used.

Optics for. Air Monochromator. The optical system of the IL
Pl asma- 200 consi sts of a doubl e monochrom#tor (Figure 12.  "The
primary nonochromator is a 1/3 neter Ebert- Fastie design used in
conjunction with a 1/6 meter Ebert-Fastie prenmonochromator.
This . . . provides resolution of 0.02 nm by the Raleigh
Oriteria(second order) and stray |ight exclusion of 1:106."12
Two separate wavel ength drive nechani sns are incorporated into
t he nonochromator. A rapid scan grating drive functions as a
coarse adjustnment with a mnimm step size of 0.005 nm A
refractor drive functions as a fine adjustnent with a mninmm
step size of 0.001 nm The optical system of the instrument
operates in second order from190 nmto 365 nm Qperation in
first order occurs from365 nmto 900 nm Initial calibration

of the instrument is performed using a mercury source and

scanning a mercury triplet located at 365.02 nm

Peak Search Wndow. The peak search w ndow can be varied



PMT

Hg Lamp
!

Figure 12. Schematic of the doubl? monochromstor ontical
system found in the IL Plasma-200. 2



bet ween narrow(0.033 nm , nedium(0.067 nn), and w de (0.10

m).  Wndowsize is programed through the m croconputer

Mcroconputer. The instrunent is controlled by a built-in
m croconput er based on an Intel 80/16 single board conputer
using an 8080A m croprocessor. Readout appears on a graphics
printer and a 23 cmx 17 cm video screen with full graphics

capability.

Software. The primary software used in this study consisted of
the Mil ti quant programand the basic operations program provided

with the | L Pl asma- 200.
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CHAPTER V

PROCEDURE AND RESULTS

Preparation of Standard Sol utions

Standard solutions of all elements listed in the program were
prepared according to Table 4 Al solutions were prepared wth 0.05
uL/100 mL Triton- X and dei oni zed water (water preparation described in
Chapt er 1V). Three additional solutions, a three el ement standard (the
calibration solution for Miltiquant), a standard consisting of all
el enents provided in the program(basic operations program calibration
solution), and a blank, were al so prepared as listed in Table 5 All
sol utions were prepared i n advance except single element solutions of
silver, paladium silicon, tin, and titanium which tend to be unstable
and were prepared i nmmedi ately before use. Al solutions were stored in
pol ystyrene bottles. All glassware wused in this study was first
cleaned for at least twenty-four hours in a nitric acid solution.

Immediately before use, all glassware was rinsed with deionized water.

Creation of Acid Copper Anal ysis Program

Mul ti quant Version

The initial programcreated in this study was an edited version
of the original Miltiquant program Vavel engths of the various
contamnating el ements listed in Table 1 were included in the program as

wel |l as those of the four header el enent |ines which nmust be included in



TABLE 4

PREPARATION @+ STANDARD SOLUTIONS

Elerment Vadume of 1000 ppm Final Concentration

Standard

(mL/1000mL) (ppm)
Ag 10.00 10.00
Al 10.00 10.00
Ba 10.00 10.00
Cu 10.00 10.00
Fe 10.00 10.00
Mn 10.00 10.00
N i 10.00 10.00
Pb 10.00 10.00
Pd 20.00 (500 g 10.00
Si 10.00 10.00
S 10.00 10.00 )
Ti 10.00 10.00
Vv 10.00 10.00
Zn 10.00 10.00
Zr 10.00 10.00
Triton X-100 oso e———
*HC1 2000 e
HNO, i0oo e

*HC1 added only for solutions of Ag, Si, Sn, Ti.



TABLE 5

PREPARATI ON OF MLLTI QUANT THREE ELEMENT STANDARD

Qonst i t uent Vol ume Final Concentration
(mL/1000mL ) (ppm)
Ba 5.00 (1000 ppm 5.00
Cu 10.00 (1000 ppm) 10. 00
Zn 10.00 (1000 ppm 10. 00

Triton X100 o050

HNO3 to.oo e
PREPARATI ON OF BLANK
nsti t uent Vol ume Fi nal Concentration
(mL/1000mL) (ppm)

Triton X100 o050

HNO3 6.0 e



PREPARATI ON OF CALI BRATI N SCLUTI ON FCR BASI C CPERATI ONS PROGRAM

Consti t uent Vol une Fi nal Concentration
(mL/1000mL) (ppm)
Al 10. 00(1000 ppm 10.00
Cu 10. 00(1000 ppm 10.00
Fe 10.00 (1000 ppm 10.00
Mn 10. 00 (1000 ppm 10.00
Mo 10,00 (1000 ppm 10.00
Ni 10. 00( 1000 ppm) 10.00
Pb 10.00 (1000 ppm) 10.00
Pd 200 ( 990 ppm 1.00
Sn 10. 00(1000 ppm 10.00
Ti 10.00 (1000 ppm 10.00
v 10.00(1000 ppm 10.00
Zn 10. 00 (1000 ppm 10.00
Zr 2.00(1000 ppm 10.00

Triton X-100 0.50 _—
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all Miltiquant analysis prograns. The wavelengths used in this study

were selected according to Boumans Line Coincidence Tables for

Inductively Coupled Plasma Atomc Emssion Spectronetery and the

I nstrumentation Laboratory Methods Manual. Al lines were selected on

the basis of maxi num sensitivity conbined with mnimal interelement
interference. Zirconiumwas al so entered into the programfor use as an
internal standard. The initial choice of wavel engths used in this study

islisted in Tabl e 6.

Calibration of Program Vari abl es

The calibration of the variables involved in the Miltiquant
programwas conpleted in a five step process: (1) calibration of each
line to its nearest header el ement wavel ength, (2) trimmng of analyte
lines, (3) correctionfor background interference, (4) adjustment of
torch observation height, and (5 emssion ratio adjustnent. The
foll owing variables were held constant for all analyte lines: (1)
anal ysi s on channel A since a single channel instrunment was used, (2) an
integration tine of 1.0 sec (except for palladium which had an
integration time of 20 sec), (3) concentration unit of parts per
mllion (ppm), (4) nedi umw ndow size, (5) concentrations expressed to
two digits beyond the decimal point. In addition, the follow ng
variables are program specific and chosen for this program (1)
noderate power |evel setting of three(of possible six), supporting an
approxi mate delivery power of 1.2 kW of power and an approxi mate cool ant
flowrate of 13 L/min.,(2) aspiration rate of 1.0 mL/min., (3) punp
del ay rate(punp washout cycle) of 30 sec, and (4 nercury lanp on

during anal ysis.



TABLE 6

INITIAL MULTIQUANT VERSION OF ACID COPPER ANALYSIS PROGRAM®

P# VP R\R NAMED
1 0 3 ACID COFRR

ML/M HOLY HG *ANAL *RDG
1.0 30 1 0 0
# EL NM ORD CH MM BC
17N 21386 2 A 10 L
2BA 23353 2 A 10 L
3CU32475 2 A10 L
4BA455.40 1 A 12 L
S5SNI 23160 2 A 10 B
6 NI 23200 2 A10 B
7MN 25761 2 A 10 L
8AL 39615 1 Al14 L
9SI 25161 2 A10 B
10 AG 32807 2 A 12 B
11 E 23820 2 A 10 L
12 E 23956 2 A 10 B
13 FE 23435 2 A 10 R
14 ZN 206.20 2 A 8 N
157N 48105 1 A 8 R
16 SN 242.95 2 Al1l2 R
17 3 28400 2 A 14 B
18 B 22035 2 A 10 B
19 B 21700 2 A 12 L
20 28331 2 A14 B
21 TI 30786 2 A10 L
2 Tl 33728 2 A12 N
23V 31023 2 A10 L
24V 31184 2 A10 L
25 M 28489 2 A2 B
26 7R 34382 2 A10 L
27ZR327.31 2 A10 N

a py = program nunber

MR = power |evel

FOLY = punp delay in seconds
*ANAL = number of anal yses

f

NI NN N N
eJoNeloloNejeoNolojejololoNolojejieloloNoNoleNoNoNo oo

WP = write protect option
ML/M = aspiration rate in

mlliliters per mnute

HG = nercury lanp option
*RDG = number of readings



Trimming of Analyte Lines

For each element a specific wavelength value was entered into
the program. When a standard sample of an element was aspirated the
emission peak maximum may not have occurred within the peak search
window precisely at the wavelength desired. A trim routine wes
performed, specifying the precise wavelength within the window at which
the emission intensity was a maximum. This then specified the
wavelength where analysis should be performed. The effect of performing

atrimroutine on a nickel solution isillustrated in Figure 13.

Background Correction

"Background correction has three primary uses: (1) to compensate
for background shift between standards and samples caused by continuum
emission, wing broadening, stray light, or viscosity differences; (2) to
compensate for thermal drift in the background when determinations near
the detection limit are to be made; and (3) to compensate for partially
resolved matrix line spectral overlap. nl0

To choose the point where background correction should be
performed, both a standard element solution and the blank were analyzed
and their emission curves displayed simultaneously. The position chosen
for background correction was that position free of all matrix
interferences, that is, where the baseline of the standard and the blank

coincided. The procedure isillustrated in Figure 14.

Observation Height Selection

The optimal observation height chosen for analysis of each

wavelength was selected as the height giving the best signal-to-noise
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ratio. The optimal observation hei ght was chosen by performng a torch
profile of a standard el enent sol ution coupled with a torch profile of
the blank. The torch profiles of both standard and bl ank were di spl ayed
simul taneously. The optimal observation hei ght was chosen as the hei ght
in the torch where the di stance between the signal fromthe standard and
the signal fromthe blank was maxi mzed. The procedure is illustrated

in Figure 15 for a nickel solution
Calibrationto Nearest Header El ement and Ratio Adjustnent

This procedure is unique to the Miltiquant program Em ssi on
ratios are used to calibrate all wavel engths in the program except the
four header element lines. Each dependent element line in the program
Is referenced to that header element [ine to whichit is closest. For
exanpl e the nickel line at 232.00 nmwas referenced to the barium header
el ement line at 233.53 nm The concentration of a solution
woul d be determned by multiplying the neasured emssion intensity- by
some emssion ratio specific to each line. Emssion ratios were
determned by first setting an arbitrary ratio for an el enent, such as
1. 000. A standard sanple was then analyzed and its uncorrected
concentration determned. The corrected emssion ratio was determ ned
according to the fol |l owi ng equati on:

Adj usted Ratio = Concentration Found X Original Ratio (9)
True Concentration

Eval uati on of Program

Once the program variabl es were optim zed the anal yte lines were
eval uat ed according to m nimal background em ssion, mninal interel emrent

interference, and maxi mumsensitivity. The analyte |ines were eval uated
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by anal yzing 10 ppmstandards of all el ements individually and obtai ning
concentration readings for all lines in the program A sanple
approximating that of a commercial copper electrodeposition solution
matrix (150 g CuS0,* SHZO/L) was prepared and analyzed. Finally a 10:1
dilution of this approximated copper matrix was analyzed. Em ssion
intensities for all standard solutions as well as the two additional
copper solutions at all analyte lines are listed in Table 7.

Once the enission intensities in Table 7 were obtained the
programwas further edited to acconmodate any problens wth analyte
emssion lines. It was expected that the emssion intensities for
el emental |ines of el ements not present in a given 10 ppm standard
sol ution woul d have read a concentration of zero. This was not the case
for several elements. Due to high background emssion during analysis
of most of the 10 ppmstandards the following lines were deleted from
the program nickel (231.60 nm), zinc (481.05 nm, vanadium (310.23
nn, and zirconium (327.31 m). Hgh matrix interference was
encountered with palladium(284.89 nn) for all standard 10 ppm sol utions
anal yzed. Therefore a new pal | adi umwavel ength at 229.65 nmwas entered
into the programto replace the palladiumline at 484.89 nm Al 10 ppm
standard solutions were then analyzed at the new palladium Iine.
El emental interferences of a | esser degree were also encountered wth
zinc(213.86 nm) , silver (328.20 nm, iron(238.20 nm 239.56 nm and
234.35 nn), tin(242.95 nm, lead(217.00 nm, and palladium(229.65 nn)
in high copper matrices, and palladium(229.65 nn in a nickel matrix.
The interference of copper with zinc at 213.86 nmwas a major problem
since this zinc line was a header el enent |ine upon which other lines in

the programwere referenced. The optinmumzirconiumline at 343.82 nm



TABLE 7

EM SSI ON | NTENSI TI ES OF STANDARD SOLUTI ONS

Al
10 pprn

Ba
10 pprn

Zn

10 pprn

Bl ank

Vvel engt h

10 pprn

10 ppm

(nm)
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Wavelength v Pd Zr Cu Cu Cu

(nm) 10 ppm 10 ppm 10 ppm 10 ppm 100 ppm Matrix
Zn 213.86 0.04 0.00 0.04 0.03 0.23 60.90
Ba 233.53 0.04 0.00 0.00 0.00 0.00 0.00
Cu 324.75 0.00 0.00 0.00 —— — ——
Ba 455.40 0.00 0.00 0.00 0.00 0.00 0.00
Ni 231.60 0.53 0.40 0.49 0.40 0.41 0.87
Ni 232.00 0.02 0.00 0.00 0.01 0.00 0.00
M 257.61 0.00 0.00 0.00 0.00 0.00 0.01
Al 396.15 0.03 0.10 0.10 0.04 0.05 0.16
Si 251.61 0.11 0.07 0.01 0.05 0.05 0.06
Ag 328.07 0.11 0.02 0.07 0.36 0.36 1.83
Fe 238.20 0.01 0.03 0.01 0.03 0.01 1.88
Fe 239.56 0.02 0.03 0.02 0.03 0.00 1.74
Fe 234.35 0.04 0.03 0.03 0.04 0.04 1.82
Zn 206.20 0.18 0.13 0.19 0.14 0.13 0.56
Zn 481.05 0.00 0.00 0.00 0.35 0.12 0.00
Sh 242.95 0.00 0.00 0.00 0.00 0.00 1.70
S 284.00 0.00 0.00 0.00 0.00 0.00 0.02
Pb 220.35 0.00 0.00 0.00 0.00 0.00 0.00
Pb 217.00 0.30 0.21 0.26 0.04 0.00 8.55
Po 283.31 0.00 0.00 0.00 0.00 0.00 0.00
Ti 307.86 0.00 0.00 0.00 0.20 0.19 0.24
Ti 337.28 0.24 0.28 0.23 0.18 0.17 0.24
vV  310.23 — 0.33 0.33 0.28 0.28 0.35
vV 311.84 ~—— 0.00 0.00 0.00 0.00 0.21"
Rl 284.89 11.37 —— 10.08 9.80 10.06 10.04
Pd 229.65 0.00 —— 0.00 0.01 0.00 5.46
Zr 343.82 0.00 0.00 —_—— 0.00 0.00 0.00

Zr 327.31 0.63 0.50 -— 0.50 0.60 30.69



Y

was selected as the line to be used as the internal standard. The |lines

of the final programare listed in Table 8

Sanpl e Anal ysi s

Actual copper el ectrodeposition solution sanples containing the
various contam nants were anal yzed using the conpleted program A
sanples were diluted by a 10:1 ratio and spiked wth the various
contam nants. Sanples 1A and 1B were conposed of a 10:1 dilution of the
sane copper electrodepositon solution sanple but differed in the
contam nating el enents which were spiked into the sanple. The sane is
true of sanples A and 2B, however the spikes were of a higher
concentration (10 ppnm) in sanples A and B than in sanples 1A and 1B
(1 pon. Sampl e 3 contained a 1 ppmspi ke of all contaninating el enents
ina 10:1 diluted copper sanple, while sanple 4 contained a 10 ppm spi ke
of all contamnating el ements in yet another 10:1 diluted copper sanple.
10:1 dilutions of all four unspiked copper solution sanples used Qere
al so prepared as blanks to determne if the spikes could be successfully
recover ed.

One drawback of the Miltiquant programwhich was encountered was
that interfering el ement and internal standard corrections could not be
directly performed by the instrument during anal ysis. Al corrections
were performed by the operator after analysis. The results of the
anal yses of the various sanples are listed in Tables 9 through 14. The
average error involved in the anal yses of the spiked sanples at the
various wavel engths i s included in Table 15.

Upon reviewing the results in Tables 7 through 14 two trends

becone apparent. First, those el ements referenced on the copper 324.75



TABLE 8
ANAL MULTIQUANT VERISON O ACID GOFHER ANALYSS FROG-™WM
P# WP PAR NAMED

1 0 3 ACID COPPER

ML/M PDLY HG *ANAL *RDG

1.0 30 1 0 3

# EL NM ORD CH MM BC 3
172N 21386 2 A10 L 1.0
2BA 23353 2 A10 L 1.0
332475 2 A10 L 1.0
4BA 45540 1 A12 L 1.0
S5SNI 23200 2 A 10 B 1.0
6MN 25761 2 A10 L 1.0
7AL 39.15 1 A14 L 1.0
8SI 25161 2 A10 B 1.0
9 AG 32807 2 A 12 B 1.0
10 E 23820 2 A10 L 1.0
11 FE 23956 2 A 10 B 1.0
12 FE234.35 2 A 10 R 1.0
132N 20620 2 A 8 N 1.0
14 B 24295 2 A 12 R 1.0
15N 28400 2 A14 B 1.0
16 PB 22035 2 A 10 B 1.0
17 PB 212700 2 A 12 L 1.0
18 PB 28331 2 A14 B 1.0
1971 30786 2 A 10 L 1.0
20 Tl1 33728 2 A12 N 1.0
21v 31184 2 A10 L 1.0
2 P 22965 2 A 10 B 1.0
23 7R 34382 2 A10 L 1.0



El ement

Zn

Cu

Ni

Mn

Al

Si

Zn

Wavel engt h

(nm)

213

324,

232

257

396.

251

206.

.86

53

.00

.61

15

.61

20

TABLE 9

RESULTS OF ANALYSI S- - SAMPLE 1A

Bl ank Sampl e A ppm
Concentration Concentration

(ppm) (ppm)

5.41 7.03 1.62
— 31,010.00 —_—
0.72 1.73 1.01
0.13 1.20 1.07
16.65 16.99 0.34
3.61 4.50 0.89
1.05 2.12 1.07

Actual ppm
Added

1.00
1.00
1.00
1.00
1.00

1.00



El enent

Ag
Cu
Fe
Fe
Fe
Sn
Sn
Pb
Pb

Pb

Wavel engt h
(nm)

328.07
324.75
238.20
239.56
234,35
242.95
284,00
220.35
217.00

283.31

TABLE 10

RESULTS OF ANALYSI S- - SAMPLE 1B

Bl ank Sanpl e & ppm
Concentration Concentration
(ppm) (ppm)
0.57 1.23 0.66
—_—— 31,010.00 —_——
10.52 9.33 -1.19
10.22 11.31 1.09
10.42 9.06 -1.36
0.00 0.00 0.00
0.63 1.32 0.69
0.00 0.02 0.02
0.00 0.00 0.00

0.00 0.62 0.62

Actual ppm
Added

1.00

1.00

1.00

1.00

1.00



El enent

Ti

Ti

Pd

Wavel engt h
(nm)

307.86
337.28
311.84

229.65

Bl ank

Concentration
(ppm)

2.39
2.54
0.00

1.50

Sampl e
Concentration
(ppm)

3.03
3.14
0.86

2.09

4 ppm

0.64
0.60
0.86

0.59

Actual ppm
Added

1.00
1.00
1.00

1.00



El enent

Zn
Cu
Ni
Al
Zn
Sn
Sn
Pb
Pb
Pb
Ti
Ti

Pd

Wavel engt h
(nm)

213.86
324,75
232,00
396.15
206.20
242,95
284,00
220.35
217.00
283.31
307.86
337.28

229.65

TABLE 11

RESULTS OF ANALYSI S- - SAMPLE 2A

Bl ank
Concentration
(ppm)

4,08

0.25
2.17
2.06
0.00
0.00
0.00

0.27

Sampl e
Concentration
(ppm)
14.16
23,290.00
15.04
10.99
11.18
11.78
11.94
10.14
0.00
10.08
9.62
9.84

35.25

A ppm

10.

10.

.76

.93

.61

.88

14

.00

08

9.35

9.

26.

61

25

Actual ppm
Added

10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00

10.00



El enent

Cu
Mn
Si
Ag
Fe
Fe

Fe

Wavel engt h

(nm)

324,

257

251

328.
238.
239.

234,

311

75

.61

.61

07

20

56

35

.84

TABLE 12

RESULTS OF ANALYSI S- - SAMPLE 2B

Bl ank

Concentration
(ppm)

0.07
0.73
0.57
1.07
0.90
1.13

0.00

Sampl e
Concentration
(ppm)

23,290.
9.
10.

5.

1

10.

10.

10.

00

75

02

44

.07

39

59

13

A ppm

9.68

4.87

0.00

10.13

Actual ppm
Added

10.00
10.00
10.00
10.00
10.00
10.00

10.00



El ement

Zn
Cu
Ni
Mn
Al
Si
Ag
Fe
Fe
Fe
Zn
Sn

Sn

Wavel engt h

(nm)

213.86
324,75
232.00
257.61
396.15
251.61
328.07
238.20
239.56
234,35
206.20
242.95

284.00

RESULTS OF ANALYSI S- - SAMPLE 3

Bl ank

Concentration
(ppm)

15.

14.

14

50.

11

13.

.17
.25
.66

.88

36

88

.83

53

.03

19

TABLE 13

Srnple
Concentration
(ppm)

53,44
22,150.00
4,62

1.19

1.44

2.71

1.63
16.16
15.77
14.96
51.45
11.50

14,27

A ppm

0.97
0.78
1.02

1.19

0.75
0.80
0.89
0.13

0.92

Actual ppm
Added

1.00



El ement

Pb

Pb

Pb

Ti

Ti

Pd

Wavel engt h

(nm)

220.

217

283.

307

337.

311

229.

35

.00

31

.86

28

.84

65

Bl ank
Concentration

(ppm)

0.00
0.00
0.00
0.57
0.74
0.00

6.52

Sanmpl e
Concentration
(ppm)

0.39
0.00
0.00
1.63
1.94
0.76

8.81

A ppm

C.39
0.00
0.00
1.06
1.20
0.76

2.29

Actual ppm
Added

1.00

1.00



El ement

Zn
Cu
Ni
Mn
Al
Si
Ag
Fe
Fe
Fe
Zn
Sn

Sn

Wavel engt h

(nm)

213.

324,

232.

257

396.

251

328.

238.

239.

234

206.

242

284,

86

75

00

.61

15

.61

07

20

56

.35

20

.95

00

RESULTS OF ANALYSI S- - SAMPLE 4

B anlc

Concentration
(ppm)

0.02
0.03
0.76
0.40
0.60
5.35
5.21
5.14

0.62

TABLE 14

Sampl e
Concentration
(ppm)

16

19,420.
10.

10.

12.

10.

6.

17.

16.

17

12.

.06
00
96
50
25
81
74
20
46
.02
23
.77

A

A ppm

11.

91

10.

10.

11

10.

11

11.

11

11.

94

47

.49

41

.14

.85

25

.88

61

.77

.13

Actual ppm
Added

10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00

10.00



El ement

Pb
Pb
Pb
Ti

Ti

Pd

Wavel engt h

(nm)

220.

217

283.

307

337,

311

229,

35

.00

31

.86

28

.84

65

Bl ank
Concentration
(ppm)
0.00
0.00
0.00
0.49
0.66
0.00

0.00

Sanpl e A ppm
Concentration

(ppm)

10.51 10.51
0.00 0.00
9.12 9.12
9.43 8.94

10.20 9.54
9.77 9.77

28.46 28.46

Act ual
Added

10.
10.
10,
10.
10.
10.

10.

00

00

00

00

00

00

00

ppm



TABLE 15

COVPARI SON OF ANALYTI CAL ERROR- - SAMPLES 1-4

El enent Wavel engt h Sample 1 Sample 2 Sample 3 Sample 4 Average Error
(nm) -
Zn 213.86 62.00 0.80 3.00 19.10 21.23
Ni 232.00 1.00 2.70 22.40 9.40 8.78
Mn 257.61 7.00 3.20 3.00 4.70 4,22
Al 396.15 66.00 7.60 19,00 14.90 26.88
Si 251.61 11.00 7.10 5.00 4.10 6.80
Ag 328.07 34.00 51.30 25.00 38.60 37.22
Fe 238.20 219.00 100.00 20.00 18.50 89.38
Fe 239.56 9.00 5.10 11.00 12.50 9.40
Fe 234.35 236.00 5.40 87.00 18.80 86.80
Zn 206.20 7.00 9.30 8.00 16.10 10.10
Sn 242.95 100.00 3.90 53.00 12.30 42.30
Sn 284.00 31.00 1.20 8.00 8.70 12.22

€9



El enent Wavel engt h Sample 1 Sample 2 Sample 3 Sample 4 Average Error
(nm)

Pb 220.35 98.00 1.40 61.00 5.10 41.38
Pb 217.00 100.00 100.00 100.00 100.00 100.00
Pb 283.31 38.00 0.80 100.00 8.80 36.90
Ti 307.86 36.00 6.50 6.00 10.60 14.78
Ti 337.28 40.00 3.90 20.00 4.60 17.12
Vv 311.84 14.00 1.30 23.00 2.30 10.15

Pd 229.65 41.00 162.50 129.00 184.60 129.28
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nm header elenent line tended to exhibit the | east amount of error in
the various anal yses, as 67%of all lines referenced on the copper
header element line fell within the 25% error range, which is
recommended as the acceptable error range when using the Miltiquant
program Lines referenced on header el ement |ines increasingly farther
away fromthe copper line exhibited an error which increased wth the
di stance of the header element line from that of the copper header
elenent line. 50%of all lines referenced on the bariumline at 233.53
nm were wthin the recoomended error range, while 33% of all those
referenced on the zinc line at 213.86 nmand %of those referenced on
the bariumline at 455.50 nm fell wthin the reconmended 25% error
range. Secondly, the analysis error tended to increase as the copper
concentrationin the sanples increased. It was thus apparent that
anal yte concentration determnations using the Miul tiquant program woul d
be dependent upon the concentration of copper in the sanples. [t was
t heref ore deci ded to abandon wuse of the Miltiquant program and ~to
attenpt to devise a programusing the basic operations program provided

with the | L Pl asma- 200.

Creation of Acid Copper Analysis Program Using Basic Operations Program

The basic operations programprovided with the |L Plasm-200
differs fromthe Miltiquant programmainly in that the analyte Ilines
used in the programare not referenced upon other |ines(header el enent
lines) inthe program  The same calibration variables as in the
Mul tiquant programfor the analyte lines also had to be determ ned using
the basic program Sequential el enent anal ysis was still possible using

the alternate program however a sonewhat nmnore conplex calibration



process was required. In the basic operations program a calibration
curve of emssionintensity versus concentration nust be obtained for
each element in theinitial calibration procedure. The concentration of
an unknown sanple is then extrapolated from this calibration curve.
Interfering element and i nternal standardization correction techniques
were performed by the instrunent and are included in the final results.
An attenpt was again nmade to construct a programwhich could be
used in concentrated copper matrices. The lines used in the Miltiquant
programwere re-eval uated; some lines were incorporated into the new
program while others were rejected due to difficulty of analysis within
the given matrix or due to interelement interferences. Sone changes
were al so made to the el ements to be included in the program Silicon
was excluded from this new program An alumna torch, which is
necessary for the analysis of silicon,was not avail abl e. As a result
silicon tended to be leached from the torch causing siligon
concentration values to be erroneous, and making silicon determnation
impossible. Silver was also excluded from the new program Silver
solutions tend to be unstable and to form conplexes easily. It is
bel i eved that one, if not both, of these tendencies caused the silver
concentration determnationsto contain such large error. Accur ate
determ nation of silver concentrations would be inpossible. Mol ybdenum
was included in this program Al though nol ybdenum contam nation is
mnimal in acid copper electrodeposition solutions low |evels of
mol ybdenumcan interfere with the anal ysis of nickel and alumnum Wth
these changes in mnd a new program was constructed. The initia
programis listed in Table 16. Al programspecific variables remained

the same as in the Mil tiquant programexcept the power setting. It was



TABLE 16
INITIAL BASC OFERATIONS VERION (F ACID GOHER ANALYSS PROGRAM
P# VI PAR NAMED

1 0 4 ACID CHERR

ML/M PDLY HG *ANAL *RDG

1.0 30 1 0 3

# EL NM ORD CH MM BC IC
1CU 2278 2 A14 B 1.0
2Nl 23200 2 A10 L 1.0
3ZN 21386 2 A10 L 1.0
47N 20620 2 A 8 R 1.0
5AL 39.15 1 A14 B 10
6 FE 23820 2 A 10 L 1.0
7H 23956 2 A10 R 1.0
8MN25761 2 A10 L 1.0
9&® 18999 2 A10 L 10
10 B 22035 2 A10 L 1.0
1171 33494 2 A12 L 1.0
12v 29240 2 A10 R 1.0
13v 29088 2 A14 L 10
14V 31184 2 A14 B 1.0
15 M0 20384 2 A10 R 1.0
16 ® 34414 2 A10 L 1.0
17 ZR 343.82 2 Al4 B 1.0



power setting of four for the program At this power |level the anount
of power delivered is the same as that in power |evel three(as was used
in the Miltiquant progran) but the argon cool ant flowrate isS increased
by 5 L/min. to 18 L/min.. This change in argon coolant flowrate
m ni m zes the background enission interferences caused by nitrogen oxide
mol ecul ar band eni ssi on.

Afiter calibration of the program was conpleted, 1000 ppm
solutions of all el enents except palladium and zirconium were analyzed
to deternmine which, if any, interelement interferences would occur.
These results are listed in Table 17, where those val ues foll owed by an
*indicate that interfering el enent correction was progranmed in for
interference with that elenent. For each interelenent interference
entered (two possible for each line) a scale factor had to be
calculated. The interfering el ement scal e factor, which determnes the
degree of interference froman elenent, is calculated by the follow ng
equat i on: )

Scal e Factor = Apparent Anal yte Concentration (10)
Actual Interferent Concentration

Based on the results in Table 17 the zinc line at 213.86 nm was
deleted fromthe program since all interelenent interferences were
unabl e to be corrected within the program The zinc line at 206.20 nm
showed no copper interference, nmaking it a much nore sensitive
wavel ength in a copper matrix. |In addition, the vanadium (311.84 nn)
and the iron(238.20 nn) |ines were chosen as the nost sensitive for the
two given el enents and were used in interfering elenment corrections.
Changes were made in the programto facilitate interel enent interference

correction, in which the interferent must be listed in the programabove



TABLE 17

EMSI ON | NTENS TI ES OF STANDARD SOLUTI ONS

Pb

Fe

Ni Mh
1000 ppm 1000 ppm 1000 ppm 1000 ppm 1000 ppm

Cu

Bl ank

Wavel engt h
(nm)

COVMNOO0O OO0 D
53953885 1558553853
COO0O0O0O000 OO0 OOO
X
o~~O |1 O o< O
AOOO_HImMomommE%Q
QOO0 Il MMOOOOOOOOOoOo
%
O FTOON 1000000 O
NSO8350 1585698555953
OO0 OO0 MOO
—
i
| OO~ 000TIO~00Q 00O
198630836 MS53983303893
I NO00000O000OOOOOD
VOO0 OITNOOODO OO
sl ReRaReReReReRoeRe ke RoRoReReRs
ONoOOOoOOoO0000000oYy
o
—
OO0 000000O0OOO I~
o RoReReRoReRoReReReRsReReReReRo k=)
OO0 O0O0000O0OOOOOOO

QVWONOWHANINT O I AN
QOO ANA NN OOMON-F 0 00 00— 0O M~
NNWOWOOASNNOITNO DTN
N—=0O0OOOMNMNUMAOONNOO 0O F N
NANANMOANANN—AANONNONOOONAN
- e e 0O o0 g R0 OV W~ 3
ZNN<ELZ ARSI ANO



Wavelength Al Zn Sn v Mo Ti

(nm) 1000 ppn 1000 ppn 1000 ppmn 1000 ppm 1000 pprn 1000 pprn
Ni 232.00 0.00 0.00 0.11 0.60% 4.41% 0.00
Zn 213.86 0.11 —— 1.13 6.52 0.00 0.91
Zn 206,20 0.11 -_— 1.48% 0.27 0.57 1.17%
Al 396.15 — 0.04 0.00 0.03 19.89% 0.00
Fe 238.20 0.04 0.05 1.03% 0.55% 0.00 0.45
Fe 239.56 0.04 0.05 1.03* 0.47 0.00 0.44
Mn 257.61 0.00 0.00 0.03 0.04 0.01* 0.02
Sn 189.99 0.02 0.00 0.00 0.45 0.49% 6.81%*
Pb 220.35 1.38% 0.00 0.02 0.00 1.59% 1.26
Ti 334.94 0.00 0.00 0.00 0.00 0.00 0.00
V. 292.40 0.00 0.00 0.00 —— 0.95% 0.60%
V. 290.88 0.00 0.00 0.00 —— 0.00 0.00
V 311.84 0.00 0.00 0.01 —— 0.00 0.00
Mo 203.84 0.00 0.00 0.00 0,78* 0.00 0.06
Pd 344.14 0.00 0.00 0.00 0.06 0.00 0.00
Zr 343,82 0.00 0.00 0.00 0.00 0.00 0.00

Cu 222.78 0.33 0.13 0.09 0.20 1.77% 0.00



the analyte line with which it interferes. The final programis |isted
in Tabl e 18.

Six sanmple solutions simlar to those analyzed using the
Mul tiquant programwere prepared and anal yzed using this program It
was found that the error within the various wavel engths as well as the
overall error had in general decreased(Tables 19-25). As a result 64%
of the lines analyzed fell within the 25%error range, an inprovenent
over the 53%found fromusing the Miltiquant program Significant'error
resulted in the anal ysis of the easily oxidizable el ements such as tin,
titanium and palladium A large error was also encountered in the
analysis of iron(238.20 nmand 239.56 nn) at |owlevel concentrations,
specifically in the 1 ppmspiked solutions. Alternate wavel engths were
exam ned for these lines, but resulted in the same lack of analytica
sensitivity. |t was again observed that the average analysis error
i ncreased as the copper content in the sanples increased. [t was
therefore decided that the latter programcoul d successfully analyzeﬁfor
the Jless easily oxidized contamnants in an acid copper
el ectrodeposi tion sol ution, however the elimnation of mtrix effects

could only be reduced and not totally overcone.



TABLE 18
ANAL BASC CAERATIONS VERION OF ACID GCHHER ANALYSS PROGRAM
P# VI M\R NAMED

1 0 4 ACID R

ML/M PDLY HG *ANAL *RDG

10 30 1 0 3

# EL MW CRD CH MM BC ST
1v 31184 2 A14 B 10
2M0 20384 2 A10 R 1.0
3CU 22278 2 A14 B 10
4 Nl 23200 2 A 10 L 10
5TI 33494 2 A12 L 10
6 ;N 18999 2 A10 L 1.0
7IN 20620 2 A 8 R 1.0
8 AL 39615 1 A14 B 1.0
9FE 23820 2 A10 L 10
10 FE 23956 2 A'10 R 1.0
11 MN 25761 2 A10 L 1.0
12 B 2203 2 A10 L 1.0
13v 29240 2 A10 R 1.0
14v 29088 2 Al14 L 1.0
15D 34414 2 A10 L 1.0
16 ZR 34382 2 A14 B 10



El enent

Cu
Ni
Zn
Al

Mn

Wavel engt h
(nm)

222,78
232.00
206.20
396.15

257.61

TABLE 19

RESULTS OF ANALYSI S- - SAMPLE 5A

Bl ank Sampl e A ppm
Concentration Concentration
(ppm) (ppm)
_— 31,010.00 _—
0.71 2.01 1.30
0.83 1.82 0.99
14,05 15.38 1.33
0.09 1.10 1.01

Actual ppm
Added

1.00
1.00
1.00

1.00

€L



El ement

Mo

Cu

Ti

Sn

Fe

Fe

Pb

Pd

Wavel engt h

(nm)

311.84
203.84
222.78
334.94
189.99
238.20
239.56
220.35
292.40
290.88

344,14

TABLE 20

RESULTS OF ANALYSI S- - SAMPLE 5B

Bl ank

Concentration
(ppm)

0.07
0.20

2.24

9.94
0.05

0.05

Sanpl e
Concentration
(ppm)

1.
1

”~

31,010.

12.

12.

10

.05

00

.45

.51

27

27

.11
.13
.07

.05

A ppm

1.03
0.85
1.21
1.19
2.40
2.33
1.06
1.08
1.01

0.05

Actual ppm
Added

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00



El ement

Mo

Cu

Ni

Ti

Sn

Zn

Al

Pb

Pd

Wavel engt h

(nm)

203.

222,

232

334

189

206

396.
220.

344,

78

.00
.94
.99

.20

15

35

14

RESULTS OF ANALYSI S- - SAMPLE 6A

Bl ank
Concentration
(ppm)

0.11
3.01
0.04
2.43
0.01
0.11
0.18

0.00

TABLE 21

Sampl e
Concentration
(ppm)

7.31
23,290.00
11.24
9.83
9.822
8.759
9.433
8.51

0.00

A ppm

7.20
8.23
9.79
7.39
8.74
9.32
8.33

0.00

Actual ppm
Added

10.00
10.00
10.00
10.00
10.00
10.00

10.00



TABLE 22

RESULTS OF ANALYSI S- - SAVPLE 6B

El ement Wavel ength Bl ank Sampl e A ppm Actual ppm
(nm) Concentration Concentration Added
(ppm) (ppm)

\ 311.84 0.00 11.02 11.02 10.00
Cu 222.78 _— 23,290.00 _—— e
Fe 238.20 0.98 11.93 10.95 10.00
Fe 239,56 0.96 11.94 10.98 10.00
Mn 257.61 0.00 11.01 11.01 10.00
v 292.40 0.00 11.34 11.34 10.00
% 290.88 0.00 10.88 10.88 10.00

9l



El ement

Mo
Cu
Ni
Ti
Sn
Zn
Al
Fe
Fe
Mn

Pb

Wavel engt h

(nm)

311,
203.

222.

232

334,
189.
206.
396.
238.
239.
257.

220.

84

84

78

.00

94
99
20
15
20
56
61

35

TABLE 23

RESULTS OF ANALYSI S- - SAMPLE 7

Bl ank Sanpl e A ppm
Concentration Concentration
(ppm) (ppm)
0.02 1.01 0.99
0.19 1.31 1.12
—_— 22,150.00 —_—
3.78 5.74 1.96
0.54 1.82 1.28
14.08 15.88 1.40
400.83 401.79 0.96
0.03 1.43 1.40
14.07 15.77 1.70
14,43 16.36 1.93
0.03 1.13 1.10
- 0.01 1.07 1.06

Actual ppm
Added

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00



El ement

bd

Wavel engt h
(nm)

292,40
290.88

344,14

Bl ank

Concentration
(ppm)

0.00
0.00

0.00

Sampl e
Concentration
(ppm)
0.99
0.96

0.00

A ppm

0.99
0.96

0.00

Act ual ppm
Added

1.00
1.00

1.00



TABLE 24

RESULTS OF ANALYSI S- - SAMPLE 8

El ement Wavel ength Bl ank Sampl e A ppm Actual ppm
(nm) Concentration Concentration Added
(ppm) (ppm)

v 311.84 0.00 8.45 8.45 10.00
Mo 203.84 0.09 6.76 6.67 10.00
Cu 222,78 — 19,420.00 _— e
Ni 232.00 0.10 10.41 10.31 10.00
Ti 334.94 0.38 8.55 8.17 10.00
Sn 189,99 0.66 12,52 11.86 10.00
Zn 206.20 0.09 8.79 8.70 10.00
Al 396.15 0.68 10.63 9.95 10.00
Fe 238.20 6.02 14.44 8.42 10.00
Fe 239.56 6.02 14,80 8.78 10.00
Mn 257.61 0.00 8.76 8.76 10.00
Pb 220.35 0.03 0.03 10.02 10.00



El ement

Pd

Wavel engt h
(nm)

292.40
290.88

344,14

Bl ank
Concentration
(ppm)
0.00
0.00

0.00

Sanpl e
Concentration
(ppm)
8.69
8.51

0.00

A ppm

8.51

0.00

Actual ppm
Added

10.00
10.00

10.00



TABLE 25
GOWPAR SON OF ANALYTI CAL BERRCR- - SAMPLES 5-8

H enent Véivel engt h Sanpl e 1 Sanpl e 2 Sanpl e 3 Sanpl e 4 Average Eror

(nm)
v 311. 84 3.00 10. 20 0.99 15. 50 7.42
b 203. 84 15. 00 28.00 12.00 33.30 22.08
Ni 232.00 30.00 17.70 4.00 3.10 13.70
Ti 334, 94 21.00 2.10 28.00 18. 30 17.35
189. 99 19. 00 26. 10 40. 00 18. 60 25. 92
Zn 206. 20 1 12. 60 4.00 13.00 7.65
Al 396. 15 33.00 6.80 40,00 0.50 20. 08
Fe 238.20 240. 00 9.50 170. 00 15.80 108. 82
Fe 239.56 233. 00 9. 80 193. 00 12. 20 112.00
Mh 257. 61 1. 00 10. 10 10.00 12. 40 8. 38
b 220. 35 6. 00 16. 70 4.00 0.10 6. 70
v 292. 40 8.00 13. 40 1.00 13.10 8. 88
v 290. 88 1.00 8.80 4. 00 14. 90 7.18
'R 344. 14 5. 00 100.00 100. Q0 100. 00 76.45



CHAPTER VI

DI SCUSSI ON AND CONCLUSI ONS

Di scussi on of Results

In this study Inductively Coupled Plasma Em ssion Spectrometry
was examned as a possible neans for the analysis of acid copper
el ectrodeposition solutions. It was hoped that a successful analysis
programcoul d be devised for the analysis of such copper solutions
Wi t hout any pretreatnent being necessary before an anal ysis.

An analysis program was constructed using the Miltiquant
program Thia programwas unsuccessful. The high copper content of the
solutions involved directly influenced the results, making accurate
anal ysi s inpossible. The programwas edited so that it contained |ines
of maxi numsensitivity and mninal interference. A though interferences
are mnimal when using such high energy sources as an inductively
coupl ed plasnma, some interel ement interferences were found to exist.
The Miltiquant program was not able to conpensate for these
interferences and made accurate anal ysis of such el ements as manganese,
ni ckel , and | ead inpossible. |In addition, silver and silicon could not
be determned as a result of reactions within the analysis system
Based on the results obtained fromthe program |ines were selected for
the construction of an alternate program using the basic operations
programprovided with the IL Plasma-200 em ssion spectroneter. Thi s

program allowed lines of greater sensitivity to be wused, since



interfering elenent correction is possible. This program was nore
successful than the previous attenpt. Determnation of the nore easily
oxi di zed elenents--tin, palladium and titanium-still proved
unsuccessful . Adequate sensitivity for these lines could not be
provided by either program The final program did prove to be

successful in the analysis of the | ess easily oxidized el ements.
Concl usi ons

It is believed that the final programoffers a successful node
of analysis of the | ess easily oxidized contamnants in an acid copper
el ectrodeposi tion sol ution. Since plasnma sources offer the nost
successful excitation sources avail abl e, deficienciesin the successful
anal ysis of the copper solutions studied may be attributed to the matrix
effects caused by this high copper content.

Al though the nethod devel oped was fairly straightforward, the
interfering effects coul d have been mni mzed provided the copper coJId
have been separated fromthe contam nants or the interfering effects of
t he copper matrix could have been elininated. Eimnation of the matrix
effects was attenpted with the use of internal standard and interfering
el ement correction routines. However, the copper matrix was still found
to influence analysis. An alternate nethod of initially renoving the
copper fromthe solutions before anal ysis could prove nore successful
A present, an effective nethod of sel ectively renoving copper from such
a sanple is not available. Methods of renoving copper, such as the use
of lanthanumnitrate as a precipitating agent of the contamnants, do
exist. With the use of Ilanthanum nitrate several elements can .be

preci pi tated, |eaving copper in solution. The precipitates are then



8L

separated from the supernatant liquid and redissolved. This technique,
while successful for copper removal, is not totally selective for
copper; contaminants would also be separated. These pretreatment
techniques are both troublesome and time-consuming and would not offer
any new advantages to industrial analysis. The development of a
procedure to selectively remove copper from a solution is beyond the

scope of this study, and will be left for future consideration.



[om—
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