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Effects of Amine Fluoride Cleaning Chemistry on Metallic
Aluminum IC Films

Il. Determining Causal Chemistry of OCPs by a Time-Dependent Free
Energy Relationship
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A mathematical expression has been developed describing the change in thermodynamic free energy for a chemical system as a
function of time to aid the interpretation of experimental time-dependent energy curves, such as the open circuit (@&tial

plots, generated in corrosion studies. Accurate results of chemical potentials and reaction rates, one pair of constants for each
causal chemical reaction, were found. Reaction rate constants were determined for OCFRGNYE Fe- 1/21, — Fe(CNR~

+ I~ at room temperature ab; = 0.011+ 0.002/s, for oxidation of REN)s~ to Fe(CNE~ andw, = 0.108+ 0.003/s for

reduction of } to I, and the known half-cell potentials were reproduced. Experimental aluminum dissolution OCP data was fit
using regression analysis describing a four to ten chemical reaction model. The formalism was useful in describing results of OCP
plots of integrated circuit$IC) interconnect metals, cleaned by fluoride-based silicon wafer remover formulas, in terms of
identifying the causal corrosion chemistry.
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Integrated circuit$ICs) with submicrometer aluminum intercon- between thermodynamic equilibrium and kinetic systems such that
nects are commonly cleaned using liquid chemical products dethey may not be defined at precisely the same conditions.
signed specifically to remove postplasma etch residues with minimal ~ Kinetic reaction rates are commonly expressed in terms of dif-
corrosion damage of the metal surfaces. These products are typicalligrential equatiorfs such asdC,/dt = —k,C, that describe the
water/solvent formulations, containing active fluoride additives andchange in concentration with time near equilibrium as the katef
pH regulators, designed to clean high-feature density silicon wafersihe instantaneous change in the concentration of species a ignoring
In Part I, Experimental Measurements and Chemical Modeélitg,  the other simultaneous changes that must be occurring. Changes in
was shown that formula FA removed surface residues and passivasther components are tacitly ignored and are assumed to be small, or
tion layers from aluminum-coated silicon wafer surfaces. A numberindependent thereof, compared to the changes in a. It is apparent
of electrochemical experiments were conducted to illuminate thethat real thermodynamic and kinetic systems approach equilibrium
variables of the chemical cleaning process in an attempt to discovefather than operating at equilibrium. Nonetheless, kinetic modeling
the chemical mechanism of aluminum dissoluti@orrosion). A methods have produced considerable useful information, although
process model was established and an indicated chemical model wafiten approximate. A relation has been expred&etween reaction
proposed consisting of a sequence of time-dependent reactions deates and an exponential function of free energy of such a system,
scribing a multisloped open circuit electrochemical potef@CP),  close to equilibrium, that has been extended linearly to nonequilib-
with a corresponding current flow of 8 10°° A, presented here as  rium conditions® Here electrochemical potential may be considered
Fig. 4a. Ideally, detailed chemical analysis could be conducted tao be the same as the chemical potential as discussed in footfote a.
measure chemical concentration changes associated with each step The goal of this investigation is to develop a mathematical for-
of the OCP measurement, but such analyses are impractical at ualism that facilitates interpretation of kinetic rates and changes in
tralow concentration levels. The purpose of this work is to develop athermodynamic free energies for an energy-time curve such that it
mathematical formalism to relate experimental OCP data curves to
their underlying causal chemistries so that the desired chemical po- 2 Ejectrochemical potential measured in a two electrode cell may be exptessed
tential and reaction rate constant might be revealed for each contribAv = v;(electrode1)— V,(electrode2)= (E; — ew) — (E2 — Wen) Where fiey

uting chemical reaction in a set of reactions. is the energy required to remove an electron from an electrode surface to a vacuum; this

. . -Is also known as the electron work function and has a value 46 = 0.1 eV. The
Thermodynamics addresses energy changes associated ngﬂactron work functiofEWF or absolutemay be considered to be a reference energy.

chemical reactions based on a definition of a system as being at regiectrochemists prefer to use a normal hydrogen electfiN#E), a calomel electrode,
(AF = 0). The potentiaE’ of an electric cell is given at that po- or a silver chloride electrode as a reference potential. The NHE value is taken to be 0.00

; : . i ati V, and is actually a relative reference-4.6 V different from the EWF value, and is
tqntlal representing the final oxidation state of an element at a ,Conapplied to all measured electrochemical potential values. Thus, the electrochemical
dition of rest so no current flows between the electrodes. In reality gyotential of aluminum of—1.662 V is relative to the standard NHE er3.062 V

small amount of current must flow to establish a working cell and to absolute. The electrochemical potential of an electron in a metal is its Fermi energy
allow measurement of the cell potential. Thus, real systems are nothile the Fermi energy of a semiconductor may be the average of the valence band

| ilibri b h ilibri Iti iselv thi energy and the conduction band energy. Once equilibrium has been established the
exactly at equilibrium but approach equilibrium. It is precisely this electrochemical potentfamay be considered to be the same as the chemical potential.

gray area as systems approach equilibrium in which kinetics is also Pit is necessary to consider the relationship between thermodynamic chemical po-
often described. tential and electrochemical potential. The energy state of an ion in solution is primarily
; : : : : ; : [ ; composed of the sum of short range ionic interactions and a long range energy field
A Ir(énetl,c system Is a Che_mlcal Org,amzatlon inunidirectional required to establish the potential charge of theSidus, the electrochemical poten-
_m0t|0 _V_Vh!le a thermoqynamlc system is r_lornjally at or approach- aj, ., , is a sum of the standard chemical potentjal, and the potential resulting
ing equilibrium. Energy is conserved so a kinetic system can complyfrom local ionic speciesp, as i = p; + zFe wherep; = (dF/an)rpy, Fis Fara-
with the first law of thermodynamics. The term kinetics, however, day's constant, and; is the ionic charge on component i. For a pure phase at unit
implies that a system is not at rest and, therefore, not precisely ir?ctlw_ty the electrochemical potentclxal‘ = Bpi_, the_ chemical potential. For_e_qulhbrlum
thermodynamic equilibriuninot in strict compliance with the sec- species | between phasesandp, i = p; implying that the terms containing poten-
y q . .p tial ¢ become equal making a null contribution to the equation. Thus, for a state of
ond law of thermodynam|<)§ Thus, there is an apparent chasm equilibrium especially for dilute solutions, a chemical potential may be considered to be
the same as an electrochemical potential. Constant open circuit pot¢@@is)mea-
sured atigcp = 6 X 107° A, as reported in the previous article, are considered to be

near equilibrium chemical potentials since the current, which is a measure of change in
Z E-mail: mcarter@ekctech.com charge or concentration with time, is small.
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reveals the underlying chemistry. It becomes apparent that eaclwhere the total mass of the system is constrained. Inclusion of, for
chemical reaction equation in the system is represented by one resxample, one component of solvent ané 1 components of solute
action rate and one chemical potential. These values may be considesults in a total mass of unity defined as

ered to be equation constants once all mutually interdependent reac-

tion information is accounted for, that is, when the system 2 M = 1 (3]
approaches equilibriufnSuch a system may be considered to be in i e

compliance with the second law of thermodynamiagen current

flow associated with an OCP is low and approaches zero. wheren; is the number of moles of thigh component per 1000 g

and M, is the molecular weight of thith component. The masses

are determined by the chemical equations derived from single-
Detailed chemical and electrochemical disclosure was made irgjectron electrochemical reactions. For example, the chemical equa-

the previous articfeshowing an OCP curve for aluminum immersed tion for iodine oxidation of ferrocyanide may be written as two

in IC remover chemistry that consisted of three separate and distincéing|e electron half cell reactions, namely((—,‘bl)g* _ Fe(CNf;

functions modeled as a set of sequential chemical reaction equa-; o and 124 + e — I-. The masses are the molecular weights

tions. They ardi) dissolution of the native surface oxidej)(reac- of the products as shown.

tion of aluminum metal with water, andi{) repassivation of the The differential free energy equation expresses interaction be-

exposed aluminum metal surface. This electrochemical process mayyeen one molal componerit,and the others, This relation enters
be treated as a system. In addition, it has become clear that some ghrally as a partial differential expression in

the reactions in the system were interdependent on other reactions in
the set so as to produce sufficient concentrations of critical interme- ,
diate chemical components in order for the whole process to proceed dF = > (@Flan)(anfam)dry = 72, w{ (ani/on)dny [4]
to a final steady state over time. = =

An OCP graphical figure represents changes in potential caused . L L .
by combining reactive components. For example, oxidation of alu-Where the sum is taken forbeing 1 to¢ andj being fromi to £ so
minum metal by water produces an OCP-61.66 V. This circuit duplication of indexes is avoided. The concentration o_f chemlpal
potential is a direct result of the chemical changes that occur natu$omponent may be represented by a negative exponential function
rally. Thus, this chemical system exhibits a negative change in fredf time as
energy, a changing potential for chemical rebalance as the system
proceeds toward equilibrium. Time-dependent changes of free en-
ergy indicate changing chemical composition. Development of a . o . )
the time of electron transport approximatedtpy= (d/c) between = 0) for an{ component set (ki < {), ais the constant pre-
electrodes(times longer than 1-2 s, for electrode spacthgnd  €xponential factor andy; is a frequency factor. Real-time-based
velocity of light ¢, such thatr > t, for a system of chemical reac- asymptotic functions, like Bessel functions that appear in a wide
tions proceeding toward thermodynamic equilibrium, follows. variety of physical problem%,r_epresent the rate functionality that

Consider a dilute chemical system of sequential reactions thaficcompanies chemical potential. Interaction between two such func-
proceed slowly in timérequiring more than a few seconds sys-  tions ofn; andn; may be represented by the binary expression
tem consisting of two well-mixed dilute solutions or a dilute solu-
tion exposed to a few atomic layers of a chemically active surface (ni/m) = [nia exp(—ojt) I/[n;jaexp—w;t)] (6]
proceed toward a state of thermodynamic equilibrium. The partial ) o
differential molal free energy of such a system is given in terms of ' he change in free energy of the system with time may be expressed

Mathematical Considerations

ni = maexp —w;t) (5]

the thermodynamftequation of state as by the differential equation
dF/dt = F [(anj/on)dn; /dt 7
dF = (aF/aT)dT + (aF/aP)dP + >, (aF/an)dn;  [1] % ki (9 /an)dry 71
i

Equation 6 is expressed as a differential equation in time in terms of

— _SdT+ VdP + 2 wdn, [2] the binary molal concentration function as
i

(Bni/anj) = (an,/at)/(an]/at) = ('T]i(,l)ij /njwji)exp(u)ji - u)ij)t
[

wherep.; is the chemical potentigFermi levef) of component i. At

the normal conditions of constaftandP the differential expression and
becomedF = Z;u;dn, or dF = F=;u/dn, where F is Faraday’s
constant andy; = Fu.| .

A state of equilibrium is expressed W = 0, corresponding to
zero applied potential, and becomes a boundary condition for math
ematical treatment. In addition, it is required thd&{dt) approach
zero. Conservation of mass is chosen as another limiting condition

(dn]/dt) = 7T]ia(1)ji eXF(*(,l)jit) [9]

The time-based free-energy expression, substituting expressions 8
and 9 into Eq. 7, becomes

dF/dt = F>, w/(an/on;dn;/dt
i=

¢ The possibility that the closed electrochemical system treated in this work may be J
an irreversible thermodynamic system has been considered. Initial components, their
concentrations and thus their equilibrium constants, are interrelated and are not defined _].‘2 Mi/"flia(” i exp( _‘Dijt) [10]
as independent entities with restricted phase space. In addition, experimental data dem- i=)
onstrated the interrelationship of the products. Thus, the chemical system may be con-
sidered as deterministic and not probabilistic. Furthermore, closed electrochemical sys-
tems may be shown to be chemically reversible systems allowing for a consumption of ¢ A more precise definition of the conservation of masg;#§l;n; = b whereb is a
energy and an increase in entropy. From a chemical viewpoint the system is considereconstant andd = 1 for a total mass of 1000 g s. However, by redefining the unitg of
to be reversible but from an energy viewpoint it is considered to be irreversible as, ofto be other values, such as moles per 1 g or moles per 10 gs, then the constant is still
course, real world thermodynamic systems are. b= 1.
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The constana is readily evaluated from Eq. 5. By setting= O it through 13 contain time-based expressions, however, the reaction
may be observed thaj, = n, soa = 1. The constant termg, is order is ultimately determined by extracting the sum or product of
also determined by the conservation of mass condition,equilibrium _constants related _to chem@cal reaction_ model equations
EESijia exp(—ajt) = 1. At t = 0 then SIMma =1 and the and are typically constant during the time of reaction. _ _
constant may be expressed as the constants and accurate chemical po_tentlals for industrial
reactions in a condensed state are often unavailable. Numerous mea-
sured values have been reported determining kinetic values for se-
a= Z (1Mim)) [11] lected gas-phase reactidhand reaction rates can be estimated for
gases from thermodynamic data. For other cases where the rate con-
stants or chemical potentials are not available, that is when the num-
ber of unknowns exceeds a semiempirical approach, as guided by
application of Eqg. 13, may be possible. However, the total number
of unknown values is limited to less than the number of experimen-
dF/dt = —7:2 (Mip{ o exp—w;t) [12]  tal data points. Reasonable results may be obtained by an iterative
=l minimization of deviationgregression analysi@pproach to match
Eq. 13 to experimental curves. Semiempirical computations are
readily facilitated for Eq. 13 expressed as

but ;M n; also sums to 1, thua = 1 and the free energy expres-
sion 10 becomes

Each expression incontains all of the rate-related terms. This equa-
tion can be simplified by letting = ;0;, a sum of constants, so
dF/dt = —K]-Ej(njpj’)exp(—q)t. Integration produces an equa-
tion for limited change in free energy of the system in a region near AF(t) = FX (01 + 03 + ... + o) (np/o)exp —o)t
equilibrium as '

AF(D) = —«FS ! f exp(— ot = F2 endufloex—ot = X (c/o)exp—o)t
[16]
= kF, i [(Uo)exp —ot)T
i where
= kFY, mp{ L (Uopexp—ot)] — (o)} [13] ¢ = Fimpf [17]

. and where the indek has been replaced by the indexo identify
where the constant2(1kw;) = —(1/k) is ignored as small. The reactionr that contains chemical componeiniActive redox reac-
integral form of free energy equation 13 meets the equilibrium con-;5ns ysyally drive the generation of experimental OCP curves.
dition as time appr_oac_hes the time of the meas“r?‘m?”_t when th owever, it is recognized that the constap{sandw, also relate to
change inAF(t) with time approaches zero. The indéxs the tive chemical componentthose minimally active and ion ex-

number of chemical reaction components in the system represente ange species necessary to complete the reaction set but whose

by one equation per chemical reaction and a solution is accom- ; . -
plished for a set of such equations as one equation per unknowncr]emlc"’1I potentials are usually minim@alose to zero). Thus\F(t)

Thus, one unknown is allowed per component, either the reactiorpr%duces a Fa" oftcor}stanus[,h(a fl:jncflqn thChe_m'(ial po'i_entml
rate,o;, Or the chemical potentiah . The equatiom F(0) repre- gt ECCR B0, T COEm CCORld Bttt ety he
sents a set of linear equations which if solved as a matrix would b 9 P : P

solved simultaneously. Instead, Eq. 13 is solved as a sum of seque s'peeci]?i;dd:ﬁgfayl, rker?:\;',?en d agtgfgtﬁ;%r:gg:\ilclg}lsal {Zggﬂ?nghr&% tt)k?e
tial equations to facilitate determination of the constants by fitting to P 9 9 p '

o . model chemical reactions not be rationalized with the constants gen-
a specific experimental curve. g

. . . erated by the curve fitting procedure then another set of model
Cops@grAF(t) to be. a rgal function OT rate; and chemical - poical'reactions should be found unti agreement is attained.
potentialp.j . If this function is able to be differented &t= 0 and

in a small region about = 0 such that, if no singularity exists for Experimental Measurements
dAF(t)/dt, thenAF(t) is analytid®att = 0. A smooth, continuous
field of such points may be considered in a well-defined region
aboutt such that, if no singularity exists fatAF (t)/dr, thenAF(t)
is analytic throughout this region. A solution of the sum of sequen-
tial equations is sought by determining the unknown constants upo
fitting the experimental OCP curve.

The frequency factorsy;, present in @n;/dt) expressions are
inherently first-order rate constants but may be related to appare
second-order rate constants. Here a reaction rate expression may

OCP measurements were conducted to record changes in poten-
tial with time for oxidation of ferrocyanide ion by iodine from a I
complex. To 13 mL of 18.2 mM solution of fce(CN); stirred at
r?00 rpm was injected 5QuL of 55 mM Kil; solution. Fresh
K,4Fe(CN) solutions were prepared often and kept sealed between
uses. Three sets of measurements were conductedat22ZC and

tmospheric pressure for this reaction but the concentration of the
rocyanide ion was difficult to control due to its propensity for

stated agiC,/dt = —k.C, or expressed in terms of molal concen- rapid air oxidation. Measurements were cqndu_cted using a

tration (dn; /dt) = —kin, wheren, — n.a exp(—«t) and @n;/dt) computer-controlled Solartron 1287 electrochemical interface, using
) " i~ M P—q J Scribner software, for a closed glass cell consisting of two nitric

= —mjaw;exp(—qt) as before. Solving for the rate constant 1ets  4cig_cleaned platinum foil electrodes, a saturated Ag/AgCI reference

ki = [14] electrode, a micromagnetic stir bar, and a nitrogen gas bubbler. Each

! ! solution was stirred at 500 rpm under nitrogen gas for less than 3

where rate constants may be expressed in units of 1/s. An apparel’ﬁ‘in while the electrochemical baseline stabilized anduh0Oof 10

second-order rate constant may be expressed as mM Ki; (prepared by dissolving 0.2538 g of in 150 mM KI
solution and diluting to 100 mlLwas injected just above the liquid
ki = (w;M;/1000p) [15]  surfacé to initiate the reaction. Perturbation due to the injection
in units of L/mol-s WhereMj is the molecular weight of th¢h €The electrochemical cell could become grounded if contacted by the needle

component ang is the density of the solution. Mathematical Eq. 5 thereby invalidating the measurement.
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Figure 1. Computed curve to match mathematical tabié ealues. Time

Figure 2. (a, top)OCP of K,Fe(CN) + 1,. (b, bottom)Computed OCP of

. . . . + ints.
caused an increase in potential lasting 2 s followed by a smoothK“Fe(CN)6 I curve and data points

decline in potential that was completed in less than 3 min. Refer to
Fig. 2a for a sample OCP curve.
OCP measurements were conducted for aqueous formula FB that
contained 70 wt 9\-dimethylformamide and 30 wt % of an aque- gyjtant current drain was & 1 nA/cn?. Refer to Fig. 4a. Removal

ous solution of 27 mmol of diisopropylethylquaternaryammonium (corrosion)of the thin aluminum film was abated as the film became
fluoride adjusted to pH 9 with an alkylamine by immersing an alu- passjvated.

minum working electrode 1 cm from a platinum counter electrode
and immediately initiating the measurement. Results of potential
were recorded as a function of time for 400 s where the resultant
current drain was 6= 1 nA/cn?. Refer to Fig. 3a. Removétorro-

sion) of the 570 nm aluminum film continued at1.66 V until the Table IIA. Sample data points from OCP of K,Fe(CN)g + .
film was completely dissolved.

OCP measurements were also conducted for formuléskailar Time Potential  Time Potential Time Potential
to formula FB except ammonium fluoride replaced the quateramine  (s) V) (s) V) (s) V)
by immersing an aluminum working electrode 1 cm from a platinum
counter electrode and immediately initiating the measurement. The 111 gigg géi 8183 Zﬁi 8'8%3
initial potential of —1.3 V changed in some 40 to 50 s al.66 V 151 0.129 471 0.0971 103.1 0.0747
where it remained until an elapsed time of 100 s and then abruptly 191 0.122 55.1 0.0927 115.1 0.0715
changed approaching0.7 V after some 400 s. Here again the re- 23.1 0.117 67.1 0.0869 127.1 0.0684

Table 11B. Computed chemical potentials and reaction rates for

Table 1. Data points from mathematical table €* values. OCP of K4Fe(CN)g + 5.

Time Potential Time Potential Chemical K,

(s) W) (s) W) C potentialp/ o, (L/mol
¢ r NLREG ) (I/s) s)

0.5 0.60653 3.0 0.04979

1.0 0.36788 3.5 0.03020 2 1 5637x 1073 0.358 0.0112 = 0.0016 0.00237

1.5 0.22313 4.0 0.01832 2 2 4.052x 1072 0.538 0.1084 = 0.0026 0.0137

2.0 0.13534 4.5 oni1

25 0.08208 5.0 0.00674 Here 1 represents FeN);~ and 2 represents’|
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@ L Table IlIA. Data points from OCP of formulation FB.
i Time Potential Time Potential Time Potential
(s) v) (s) ) (s V)
1 1.32 50 1.76 200 1.85
10 1.46 100 1.85 300 1.85
25 1.61 150 1.85 400 1.85

Table I1IB. Computed chemical potentials and reaction rates for
OCP model of formulation FB.

Chemical
Reaction [ potential o, k,
): I r no. NLREG py (V) (I/s) (L/mol s)
L 1 1 | 1 | 1 —
0 100 200 300 400 41 19  0.0001 5.57x 10®  396. 14.7
Time (Sec) 42 20 -1.304x 1077-7.27x 1013.20x 10°°1.44% 107°
(b) 43 21 4479x 105 250x 108 0.0321 8.97x 10°*
“' ] 4 4 22 —2.953. —1.65 17.1 0.460
!
|
Assumed values may be adjusted until the regression analysis re-

curves.

The degree of accuracy provided by the NLREG computational
routine (available on the webwas determined by fitting constartts
andw, of Eq. 16 to a set of ten five placeevalues from a math-
ematical tabl& (c,, ,, andm, were set to 1.000000 initiallyrefer
to Fig. 1. The algorithm was run on a Sony notebook computer
T using Eqg. 16 until a minimization of the sum of squared deviations
or residuals of the function was achieved. It returned the acceptable
. values ofw; = 0.999992 anct; = 1.00001 indicating five figure
v accuracy. Refer to data Table | for the data points used.

OCP curves were recorded for a specific redox reaction chemis-
try specified by the two chemical half-cell reactions(E¥)g™~
— Fe(CN)g_ + e and 1/2}) + e — |~ resulting in chemical Eq.

18 as

|

% turns computed values that provide the best fit to experimental
wat)

{

{

Energy

I

Figure 3. (a, top) OCP of quateramine formulation FEb, bottom)Com- Fe(CNE™ + 1/2l, — Fe(CNR™ + I~ [18]
puted OCP of quateramine formulation FB curve and data points.

where iron(ll) became oxidized to iroflll) by iodine, refer to Fig.
2a and Table IIA for the average of three sets of experimentally
measured data. Regression analysis was conducted using starting
Discussion chemical potentials ofpﬁ =0.358 V and pj, = 0.538 V, that
) . . matched the data of Fig. 2a fdr = 2, refer to Fig. 2b for the
The goal of this effort was to interpret experimental OCP curves maiched data curve. The X symbols on the figure represent mea-
in terms of a causal chemical reaction model by a computationakyreq data points, and the solid line was the computed curve for
method consisting of three logical steps. First, Eq. 16 was _solved To'bonstants presented in Table 1IB. The concentratigpswere taken
an OCP figure by means of a regression analysis curve fitting routingrom the prepared solutions presented in the experimental section.
adjusting the num‘ber of tgrms that represent the mi.nimum number Tpe resulting computed rate constants wesg = 0.011
of ch(_em|cal reactions acting _and to compute a pair of constants,, 0.002/s, for oxidation of REN):™ to Fe(CNﬁ‘ and o,
chemical potentlal,_and reaction rate, for each reaction. Second, a 0.108+ 0.003/s for reduction of,to I-. The values ofc,
model set of reactions was expressed based on knowledge of the , . , )
chemical compounds present in an effort to explain the chemical~ 7 <Mt returned yielded values of; = 0.358 V andp;
basis for the OCP. Finally, the chemical reaction model was com-— 0-538 V in agreement with the literature valtigsf 0.358 V for
pared with the computed constants to determine if the model was ifhe oxidation potential of the K€N)g~ ion and 0.536 V for the
reasonable agreement with the mathematical analysis of the dat@xidation potential of the,l. Rate constant§ of 0.014+ 0.002
For example, a computed chemical potential -01.66 V would cm/s and 0.01% 0.002 cm/s have been reportéébr reduction of
confirm dissolution of aluminum metal, a chemical potential of Fe(CN)é’ ion using a microcylindrical carbon electrode and system-
—0.45 or—0.037 V might indicate that iron metal was active and atic variations of electrodes, solvents, and temperature on the redox
+0.34 V could indicate that copper was active. For those morepotential have also been reportéd! The derived value of constant
complex chemical situations where insufficient data was available a», was in agreement with these reported values. Limijagdction
semiempirical approach may be employed by estimating startingate data reported a recombination fatéor - I, of 3.2x 10°
values for some reaction rate constants remembering that solv- L/mol s for a free radical version of this reactant but a directly
ing for r equations allows for not more thanunknown values.  comparable rate value was not found. Results of the experimental
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Figure 4. (a, top left)OCP of ammonium fluoride formulation FAb, top right)Computed OCP of 0 to 100 s of ammonium fluoride formulation FA curve and
data points(c, bottom left)\Computed OCP of 100 to 400 s of ammonium fluoride formulation FA curve and data pdinksmttom right Computed OCP of

ammonium fluoride formulation FA curve and data points.

method of reacting REN)2~ with 1, were sufficiently repeatable to  formula FB, refer to Fig. 3a. The NLREG was conducted for the

produce the reported chemical potentials and the one reported rea@CP of Fig. 3a(data Table IlIA), for¢ = 3, with ¢, set to 0.0001,

tion rate suggesting the time-dependent free energy formalism to be, set to 0.38, and the chemical potentjaj (s was omitted)
useful. initially constrained to—1.662 V, but no quantitative solution was

A series of OCPs were recorded for immersion of a 570 nm thickfound. Refer to chemical reaction Eq. 19 through 22. Increasing the
aluminum metal film on a silicon wafer coupon in a solution of equation set td = 4 and assuming all concentration distributions
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7, to be equal to 4.5¢ 1075 for this very dilute chemistrysetting a reasonable curve fit, refer to the results in Table IVB and Fig. 4c.
starting chemical potentials as abous, to near 400¢; to 0.0001V  The chemistry of the complete OGP to 400 s)was then modeled
andc, to 0.38 whereu was set to—1.662 V produced the antici- by incorporating the major values of the previous two truncated data
pated results; refer to X marks in Fig. 3b and values in Table 111B. S€tS as starting values In a new computation{for 8 and above
The aluminum dissolution chemistry has been modeled by theMaintainingn, at4.5X 10"~ as before. Approximate computational

four chemical reactions identified below as Egs. 19-22 solutions were found using eight and ten sets of variables. Refer to
Fig. 4d and results in Table VB for the OCP curve and computed
NHF = NH; + F r=1 [19]  results. Thet = 8 parameter set did approximate the curve of Fig.
4a, but the limited set produced a zero slope beyond 200 s instead of
IAIOH); + FF = 2AIF; + OH™ r =2 [20]  the non-zero slope as shown in Fig. 4a. This also indicated that more
than eight parametric equations were required to produce a better
surfaces AlIF; = surface+ 3AIF; r = 3 [21] curve fit. Variations in the quality of the curve fitting were affected
. . by changes in the constanitbut the frequency factors),, changed
3Al + OH™ — 3AI(OH); + €7, only slightly. Pursuit of acceptable results for tfe= 8 and
13 ¢ = 10 data sets required numerous attempts via small changes in
E=-1662 V,;%9 r =4 [22]  starting values for the NLREG algorithm before an approximate fit

was achieved, yet the NLREG software readily computed acceptable
Reaction 19 generated an equilibrium concentration of fluorideresults for¢ = 2 to 4 with a wide range of starting data. This

ion, Reaction 20 replaced surface metal hydroxide by fluoride, Reindicated a weakness in the regression analysis approach for
action 21 allowed for dissolution of the aluminum fluoride surface y ~ 4

so oxidation of the aluminum metal surface, Reaction 22, could |mmersion of aluminum metal into remover chemistry formula

proceed. Since no metal passivation mechanism was active this rg=a that produced the OCP of Fig. 4a, was modeled by a ten chemi-
action continued until the aluminum film became completely dis- ¢ reaction equation set of Eq. 19 through 28

solved.

Computed results for thé = 4 equation set not only fit the OCP LAI(OH); + OH™ — %AI(OH); r==5 [23]
curve but a correct value af,, the critical driving Reaction 22, was
returned; refer to data presented in Table 111B. Computed values for NH,OH = NH; + H,O r =6 [24]

an apparent equilibration reaction weté = 5.57 X 1078 V with a

reaction rate ofs; = 396/s ; = 14.7 L/mol s). Chemical poten- NHg + 120, — NH,OH 1 =7 [25]
tials of p.j of —7.27x 10°** V and pg of 2.50% 10°° V were INH,0H + OH™ — IN,O + SH,O +
insignificant compared to the value pf,, as were the reaction rates

of w, =3.20X 10°%s (k, = 1.44%X 10°® L/mol s) and ws r=8 E=1.05YV [26]
= 3.21X 10 Ys (ks = 8.97 X 10 * L/mol s). Chemical Eq. 22 . - . -

was represented by a chemical potentiahgfof —1.65 V% and a 2N20+ OH" — NO+ 3H,0+e r=9 E=076V
rate constant ob, = 17.1/s k, = 0.460 L/mol s). This data con- [27]
firms chemical Eqg. 22 as the driving reaction. Nonetheless, this ap- %AI + NO — %Alzog n %NZO r =10 [28]

plication required four sets of reaction constants to match the ex-
perimental OCP curve, and the set of model Eq. 19, 20, 21, and 2

matched that requirement %issolution of the active aluminum surface, 22, generated a negative

The mathematical formalism provided results for four pairs of potential (cathode)so the oxidation steps Eqg. 26 and 27 may have
: ! provi u ur pai occurred at the counter electro¢node). Table IVB, data set for

constants for aluminum immersed in formula FB, but it was not - e . 3 : .
known if this mathematical analysis process could successfully! = 10, indicated chemical Eq. 19 could fit the chemical potential

model a more complex OCP. Equation 16 was applied to the conand rate-constant parameters pf = 1.14x 10°° V and o,
voluted OCP of aluminum immersed in formula FA, see Fig. 4a, = 1.19x 10%s different from the data of Table IlIB anf = 8
using a semiempirical approach and data points of Table IVA. Thesets in Table IVB(negative rate values imply a reversed reagtion
initial curve analysis was conducted in two distinct parts for partial Here a near-zero chemical potential would indicate equilibrium and
time segments to estimate the chemical potential and reaction rata high value of the frequency factor would indicate rapid attainment
constants. These estimated values of chemical potentials and fresf equilibrium expected for Reaction 19. A similar set of values was
quency factors were applied as initial values for a new analysis ofcomputed for chemical Eq. 24 whege; = 1.44Xx 1078 V and

the entire 400 s curve. First Eq. 16 was applied to the 0 to 100 sy¢ = 1.20 % 10*/s. Here the equilibration rates and the chemical
segment, up to the plateau of the OCP, using a four-parameter prggotentials were similar to those for= 1. The initial chemical po-
cess ( = 4 for Reactions 19, 20, 21, and 2®arting with results  tential of Eq. 22 was set te-1.662 V for the dissolutioticorrosion)

of Table 11IB and settingy, to 4.5 107° M as before. Refer to the  of aluminum metal in a mildly alkaline solution and a value of
results in Table IVB and Fig. 4b. A three-variable set did not pro- —1.662 V was returned while an apparent rate constant pf
duce an acceptable solution, but a four-variable set did optimize the- 1.90x 10°%/s was computed. Chemical Eq. 26 for electro-
degree of curve fit and provided the expected valug pf Next Eq. chemical conversion of hydroxylamine to nitrous oxide was repre-
16 was applied to the 100 to 400 s segment of the curve, from thesented by the values ghg = 1.07 V andwg = 2.78 X 107%/s
plateau to the end of the OCP curve of Fig. 4a using the data oOflose to the estimated chemical potential of 1.05 V. Chemical Eq.
Table IVA as initial values for a four-parameter proceés 4 for 27, representing reoxidation of nitrous oxide to nitric oxide, pro-
Reactions 25, 26, 27, and R&gain a four-variable set did produce Jyced a value ofry = 0.77 V with a rate constant abg = 5.40

X 107%/s close to a reported redox potential of 0.76"\Chemical

fSince AF = 0 and since all concentration factons = 1, the computed values Eq. 20 may be viewed as an exchange reaction Wi[:héa= 1.20
will be essentially the same as faf = 10 ° or 107" - X 1072V and w, = 4.97 X 107%/s. Chemical Eq. 21 represents
9The half reaction listed in Ref. 12, 1/3AE 1/3A1F" + e, is suspect. Two half w32 : . q. p

reactions are expected to add together to form one complete chemical reaction aglissolution of the passivated surface withng = 3.90x 1072 V
1/3A' + OH™ = 1/3AI(OH); + e~ and H" + e~ = 1/2H, to yield (as multiplied - —2 ; i
by 3) AlI° + 3H,0 = A(I(OI—3)33 + 3/2H,. Since water is'_aiznecé,ssan(/ part of rihe alu- a_mdwg _-4'66 x 10 /S: Ch-emlcal- Eq. 23 eStab“-Sheq an_alterna—
live condition for potential dissolution of the passivating film with
’

minum reaction sequence the later aluminum half reaction has been expressed in th e s .
work. ps = —5.20X 10 “Vandws = 4.74X 10 “/s. Chemical Eq. 25
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Table IVA. Data points from OCP of formulation FA.

Time Potential Time Potential Time Potential
(s) V) (s) V) (s) (V)

0 1.40 105 1.47 180 1.03
10 1.47 107 1.42 190 1.01
20 1.61 108 1.37 200 1.00
30 1.66 110 1.34 210 0.99
40 1.69 113 1.29 230 0.97
50 1.69 117 1.24 250 0.95
60 1.68 120 1.20 280 0.92
70 1.67 130 1.14 300 0.91
80 1.66 140 1.10 330 0.89
90 1.65 150 1.08 350 0.88

100 1.63 160 1.06 380 0.87
104 1.59 170 1.04 400 0.86
104.5 1.53

represents the possible reaction of ammonia wigtia= —0.614 V
andw; = 5.67 X 10 %/s while chemical Eq. 28 represents forma-

tion of an thin film of insoluble aluminum oxide with @},

= —1.18X 1072V andw;o = 3.06 X 10~%/s. Figure 4d showed

B37

constant. However, it was shown that each partial curve fitting re-
quired a minimum of four parameters for the 0 to 100 s region and
at least four parameters for the 100 to 400 s region so that a mini-
mum set of eight chemical reaction equations were required to sat-
isfy the aluminum surface-cleaning model responsible for produc-
tion of the OCP of Fig. 4a. Furthermore, a zero slope computed for
the OCP in the 200 to 400 s region fér= 8 indicated that was
greater than 8. The additional equations with smaller constants serve
to refine the chemical model.

A quite limited number of chemicals were present initially the
experiments performed. They consisted of a passivated aluminum
metal surface, water, a water soluble organic solvent such as dim-
ethylformamide(DMF), less than two percent ammonium fluoride
and a fractional percent concentration of an amine to adjust pH. This
picture became somewhat more complex as Al became exposed and
corroded, Al formed, and some N became vaporized in an
equilibrium shift. In addition, a minor amount of ammonia may have
been oxidized and low concentrations of impurities could have par-
ticipated.

Reactions capable of producing a potential significantly different
from zero involve redox, that is reduction-oxidation chemistry usu-
ally associated with a low level of electrical current for reactions

the computed curve did approximate the measured data points butlose to equilibrium. Once a potential field has been established,
not overlay them. Computations conducted for all values con-chemical reaction equations that modify the potential as a function
strained to those values believed to be correct did cause the compwf time may also participate. For example, exposure of a passivated
tation to halt prior to completion. Possibly a more quantitative mini- aluminum metal surface to an aqueous solution might result in a
mization algorithm could improve the curve fit computation for measured potential of 1.3 to —1.4 V where water can react with

¢ > 4. Nonetheless, the computed constants did approximately repaluminum via a resistive, porous native oxide layer. Should a sec-
resent the chemical reaction equations indicating chemical Eq. 1®ndary chemical reaction proceed to remove this passivation layer
through 28 represented a reasonable model of aluminum surfacthen the measured potential would be anticipated to change to
corrosion in remover FA.
The mathematical results of Table IVB did show there were atseen in Fig. 3a and 4a. In this case chemical reactions directing both
least five main chemical equations, one for each large value of aemoval of the passivating film and oxidation of the aluminum were

—1.66 V as observed, the redox potential for aluminum in water, as

Table IVB. Computed chemical potentials and reaction rates for OCP of formulation FA.

Chemical K,
c potential o, (L/mol M,

| r NLREG pr (V) (I7s) S) (Daltons) Comments
4 1 0.0001 557X 1078 396. 14.7 37.04 Fit to 0-100 s
4 2 -1.30% 1077 —7.27%x 1071 3.20% 10°° 1.44% 10°° 44.98 of Fig. 4a
4 3 4.48% 107 2.50% 1078 0.0321 8.97x 1074 27.93
4 4 —2.953 —-1.65 17.1 0.460 26.91
4 5 0.0001 557x 1078 396. 13.9 35.04 Fit to 100—400
4 6 —4.22% 1077 —1.10x 107 2.45% 107* 8.24x 107 33.55 s of Fig. 4a
4 7 2.474 1.38 0.328 1.28% 1072 39.01
4 8 —-2.30 —1.28x 1073 0.0946 3.69%x 1073 38.99
8 1 0.0001 2.94x 1078 394, 14.6 37.04 Fit to 0—400 s
8 2 1.000 2.94x 1074 0.0110 4.93x 107* 44.98 of Fig. 4a
8 3 —0.590 —1.74% 107* —0.00446 —1.24% 1074 27.93 Fig. 4a
8 4 —-5.762 —-1.70 0.00201 5.40% 1075 26.91 Fig. 4a
8 5 0.0001 2.94% 1078 388. 13.6 35.04 Fig. 4a
8 6 —1.000 —2.94x 107* 0.0110 3.68x 1074 33.55 Fig. 4a
8 7 5762 1.70 0.00201 7.82% 1075 39.01 Fig. 4a
8 8 0.590 1.74x 107* —0.00446 —1.74x 1074 38.99 Fig. 4a
10 1 5.183% 10°° 1.137x 1078 1.188x 10* 441. 37.04 Fit to 0-400 s

of Fig. 4a

10 2 40.01 0.01200 0.04973 2.23% 1073 44.98
10 3 129.0 0.03900 0.04662 1.30x 1073 27.93 Fig. 4a
10 4 —5.442. —-1.662 1.904% 10°° 5.14% 1077 26.91 Fig. 4a
10 5 —169.0 —0.05200 0.04744 1.54x 1073 32.58 Fig. 4a
10 6 5.252% 10°° 1.438x 1078 1.120x 10* 420. 35.04 Fig. 4a
10 7 —2.010. —0.6140 0.005668 1.87x 10°* 33.03 Fig. 4a
10 8 3.496. 1.068 0.002780 9.35% 10°° 33.55 Fig. 4a
10 9 2.524. 0.7710 0.005402 2.11% 107* 39.01 Fig. 4a
10 10 —3.875. —-1.183 0.003065 1.19% 10°* 38.99 Fig. 4a
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indicated. The actual potential established could also be a functiom chemical potential and a reaction rate could be associated with
of the pH of the acting solution. pH values of 8 to 9 resulted in an every chemical reaction equation.

aluminum redox potential of 1.66 VA while higher pH values may
result in slightly different redox potentials.

A rate of reaction for fluoride ion replacing hydroxide ion has
been reported in a pH region of 4 to 5 a¥; = 303 mol? s~ %,
K, =5 mol s ™% andK; = 1.03x 10° mol 2 s™L. These values
are higher than the value & presented in Table IVB. Reaction
rates measured in liquids assume no bounddhasiers)to diffu-

Results of these analyses provided a conceptual chemical model
for dissolution(corrosion)of aluminum metal similar to that pro-
posed in the previous articlealthough it has become apparent that
variations in the chemical model set for more than eight chemical
reaction equations was indicated. This approach to analysis of OCP
curves, specifically corrosion of materials as represented by an en-
ergyvs.time curve, demonstrated the applicability of the mathemati-

sion along reaction coordinates so molecular motion proceeds a§al formalism for simultaneously extracting details of both the ther-
though in an infinite liquid. Reactions that proceed on a reactiveModynamic process and kinetic reaction rates. While there were
surface, such as this example, are anticipated to be slower since hdfficulties in analysis of convoluted experimental curves represent-

of the free volume is missingsemi-infinite mode), diffusion near a

ing more than four sets of chemical reactions, the analysis process

solid surface may be slower and formation of interfacial barriershas been informative.

(and double layerspnay further restrict molecular motion. The ex-
perimental data indicated this reaction rate to g = 4.97

X 107%/s. Higher rates produced in the presence of selected

ligands?® shown to reversibly displace fluoride ion at pH 9 as a
subsequent reaction, also indicated this step may be slow.

The rate of dissolution of ADH); has also been measuféd
under mildly acidic conditions indicating two distinct, apparently
age-dependent, rates. Amorphou$@#), yielded a dissolution rate
of k, = 0.45/s such thaC(t) = Coe %*'while aged or possibly
less hydrated Al(OH) yielded a dissolution rate df, = 0.0095/s

S0 C(t) = Coe %099t These constants are identified as frequency
factors in the present discussion so the apparent equivalent secon

Conclusions

Development of a mathematical formalism expressing changes in
thermodynamic free energy of a chemical system as a function of
time, for description of experimental time-dependent energy curves
such as the OCP metal corrosion plots, produced results in terms of
chemical potentials and reaction rates, one pair of constants for each
causal chemical reaction. Experimental OCP data was presented in
terms of aluminum surface remov@orrosion)models consisting of
sets of four to ten chemical reactions. Furthermore, derived reaction
Ea_ltes and chemical potentials for the known(IFe+ I, reaction
were found to be in good agreement with known values. The for-

order rate constants would be = 3.5X 102 L/mol s andk,

= 7.4 107* L/mol s. Here the rates of dissolution of a suspended
solid and that of a hydrated aqueous gel differ by nearly two order
of magnitude. The lower value was still orders of magnitude differ
ent from that of a liquid-solid interface anticipated for dissolution of
a passivated aluminum surface. The data for Eq. 22 in Table 1VB,
also of a solid-liquid interface, indicates the reaction rate tabe
1.90X 10°%s still slower than that ofk, = 9.5x 1073%/s
above. The small value seems reasonable considering dissolution of
aluminum occurs only at the solid-liquid interface at a measured rate
of <10 nm/min?

Constants for Eq. 20 indicate the small reaction ratewgf 2.

= 4.97x 10 ?/s to be orders of magnitude higher than for disso-
lution of surface aluminum metal. Dissolution of aluminum fluoride,
Eqg. 21 might be anticipated to be similar &g with a value ofw; 4
4.66 X 10?/s. The chemical potential for this dissolution was
shown to bguj = 3.90x 1072 V.

The chemical potential constant derived for the more complex e.

reversible ammonium fluoride reaction in formulation FA,
= 1.14X 10°® V, was similar to the equilibrated or reversible

chemical reaction FB ofi.; = 5.57 X 10 8 V yet the equilibration 8.

rate constant for formulation FA af; = 1.19 X 10%/s was nearly
two orders of magnitude higher than that for formulation FB of
w1 = 3.96 X 10%s, refer to data of Table IlIB. The values pf,

= —7.27%x 1001V and w, = 3.20 X 10 %/s for the FB formu-
lation and the values ofi, = 1.20X 102 V and w, = 4.97

X 107?/s for the FA formulation indicate a shift in the chemical 12

potentials and reaction rates. The values for the dissolution of alu-

minum also show significant differences between the two different;s.

types of chemistry. For formulation FB values pf, = —1.65 V
and w, = 1.71 X 10Ys indicated a substantial value for the rate
constant while the rate constant for formulation FA,«of = 1.90

formula FB and passivation of Al in formula FA.

librium Eq. 19 and 24 imply some energy, though negligible, is
associated with these balances. Nonetheless, non-zero values

chemical potentials must be associated with these chemistries. Apy,.

plication of the time-dependent free energy formalism indicated that

9.

10.

11.

malism has been helpful in describing results of OCP metal corro-
sion plots of IC interconnects cleaned by silicon wafer remover
Sproducts. It has also enabled modified chemistry to be developed
" (formula FA compared to formula BBor reduction of the amount
of surface material remove@dorroded)during the cleaning process.

DuPont Electronics Technologies, EKC Technology, assisted in meeting

the publication costs of this article.
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