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Morphological Stability during Electrodeposition
[I. Additive Effects
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Common experience shows that electrodeposid) metallic films exhibit rough surfaces unless the electrochemical bath
contains small quantities of molecular additives. We develop a formalism for describing the effects of additives on surface
morphology evolution, which builds on that in a companion paper for the additive-free case. We demonstrate that the additives
suppress the morphological instability that leads to roughening by preferentially accumulating near surface protrusions and
blocking growth sites. Our chemically based model shows that additives which readily adsorb onto the surface and have a strong
tendency to complex with the metal cations reduce the driving force for the instability and thus enhance leveling. Furthermore,
polar additives provide an additional stabilizing effect, in accord with experimental observations. It is also shown that linearly
stable growth can be achieved over a wide range of deposition flux at sufficiently large additive bulk concentrations. We predict
the ED conditions necessary for growing flat flms and demonstrate that these are in good agreement with experimental
observations.
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Extensive experience shoWsthat the properties of electrode- Morphology evolution in the presence of additives has been pre-
posited (ED) metallic films can be effectively controlled by intro- viously addressed through both experim@htsand theory 4
ducing small quantities of additives into the electrochemical bath.Qualitatively, there is some experimental evidence suggesting that
For example, morphological instabilities during deposition com- polar additives or additives which tend to form complexes with the
monly produce poor quality films with rough surfagésn the ab- metal cations lead to more effective levelth§An experimental
sence of additives. Addition of even small quantities of additives canstudy of the growth of copper films from a copper sulfate bath
drastically decrease the amplitude of the surface roughness as wgtroduced increasingly rough surfaces during growth in the absence
as increase the characteristic wavelength of the roughriesaddi- of additives, while adding thiourea led to smoother filnacreases
tion to controlling the large-scale roughnedsveling), additives in thiourea concentration led to smoother films and longer wave-
have been used to control crystallographic texture and grain size ofength roughness. A range of thiourea concentration exists for which
ED films. The goal of the present paper is to provide a formalismthe growth front remains essentially flat. We argue that this is attrib-
which can be used to evaluate proposed mechanisms for surfacgtable to the complete suppression of growth instability for additive
leveling by the introduction of additives into the electrochemical concentrations larger than a critical value.
baths. We apply this formalism to explicitly evaluate the effects of  Several models have been proposed to explain the leveling ef-
complex formation between cations and additives, additive dipolefects of additives. They all assume that the additives adsorb onto the
moments, surface segregation, and additive incorporation into thgyrowing surface and interfere with the deposition process through a
growing electrodeposit. specific mechanism, such as blocking the surface growth sit&s;

Typically, additives consist of organic compounds or small inor- the leveling effect results from preferential growth at surface depres-
ganic species that can act as ligands with respect to the metal beingons instead of protrusions. Madareal 1 introduced a continuum
deposited. The ionic nature of the additive along with the exactmodel which included the blocking effect of charged additives as
mode of ligation is extremely variable. Commonly employed addi- we|l as additive reduction at the electrode, coupled to diffusive
tives can be organite.g, thiourea, CHN,S in nickel plating baths  transport of the additives to the surface. They found that the leveling
or inorganic(e.g, potassium nitrate, KNQin silver plating bathg effect of additives is controlled by the ratio of the additive diffusiv-
ionic (e.g, sodium sulfocyanate, NaSCN in silver electrodeposi- ity to the rate of additive consumption at the cathode. Georgiadou
tion), or nonionic, polar(e.g, naphthoquinone, HsO, in lead et al!? studied the evolution of film morphology during ED of cop-
electrorefining or nonpolar(e.g, anthraquinone, GHgNO, in lead per in microtrenches by employing a model where the additive sup-
electrorefining.? This suggests that the leveling effect of the addi- presses metal deposition and is consumed by an electrochemical
tives depends on only a few key physical characteristics. reaction. By numerically solving the full nonlinear moving bound-

While there are many commercial levelers, a complete under-ary problem they demonstrated that the additives promote void-free
standing of their effects and the physical and chemical mechanismélling of trenches. Similarly, Cacet al’® numerically solved a
that allow these molecules to effectively reduce the roughness ofnodel in which the adsorption of additives locally inhibits deposi-
films remains elusive. This is in contrast with the emerging under-tion and showed that this leads to effective leveling and void-free
standing of the role of additives in vapor phase depositog, the filing of trenches. Recently, Priceet al* introduced a coupled
surfactant effect in semiconductor growee Ref. 8 and references Monte-Carlo/continuum approach for studying the effect of a block-
cited therein. In Part P we presented a formalism that provides ing additive in copper ED in rectangular trenches. Finally, Josell
quantitative predictions for the evolution of the surface morphology et al. >1¢ have recently introduced an accelerator-additive model
in the absence of additives. In this paper we extend the formalism ofvhich quantitatively explains superconformal ED in submicrometer
Part | to the case where ED occurs in the presence of additives. Wéeatures.
present a physically and chemically motivated model for ED with ~ While the aforementioned theoretical approaches have success-
additives, then investigate the influence of the additives on the mor{ully explained some of the experimental results, they have ne-
phological evolution and stability of surfaces during ED. A brief glected several common experimental observations and have based
account of this work has appeared in Ref. 10. their models on an oversimplified picture of transport in the electro-

lyte. For example, effective additives are known to ligand to the
electroactive metal ions, forming complexes in solution. The addi-
* Electrochemical Society Active Member. tives alone or in a complex can produce neutral species which in-
2 E-mail: mhaataja@princeton.edu teract with the electric field through strong molecular dipole mo-
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ments. We consider several types of additive/metal ion interactionsvhere F andR are the Faraday’s and gas constants, and ()
and explicitly account for metal cation and additive drift in the elec- denote the so-called symmetry factors related to the potential barrier
tric field within electrolytes that are not fully supported. Including for metal cation reductioff The overpotentiah is given by®
the effects of spectator ions allows us to interpolate between the
limiting cases of fully supportedpurely diffusive transpoytand RT /C Qvk
unsupported electrolytes. The resultant linear stability theory allows M = Veq— Veu + —In( C) Y
us to examine the interplay between additive and metal ion trans- F
port, drift, and diffusive transport and make predictions about the
resulting morphology in terms of the external control parameters I . . )
(e.g, additive bulk concentration, spectator ion concentration, depo-1 "€ equilibrium potential of the metal-solution interfacé/ig, and
sition flux) and the chemical properties of the metal cations andVvarying the external electrode potentiél, away fromVeq leads to
additives (e.g, charge, dipole moment, heat of segregation, andeither deposition-§ > 0) or dissolution 4§ < 0). The third term in
complex formatioi Eq. 5 accounts for the metal cation concentration dependence of
In the next section we very briefly review the relevant aspects ofVeq, and the last term describes the effects of surface curvature
the formalism and the results on growth instabilities in the absenceand surface tensios, i.e., the Gibbs-Thomson effect. The quantity
of additives from the companion paper, Paft\We then describe  qcej, denotes the exchange current density, dhddenotes the
several physical and chemical models for the mechanisms by whictatomic volume of the metal in the deposit. Finally, the local growth
the additives influence the deposition process. Then we perform &elocity in the normal directiom, v,, follows from the mass-
self-consistent, uniform steady-state analysis of ED in the presencgalance relation, = —Qj¢ - N.
of additives (including the concentration and electrostatic figlds ) ) )
Morphology evolution is analyzed using perturbation theory, where ~Morphology evolution—In Part | we introduced a physically
we linearize around the uniform steady-state result. The resultanfnotivated continuum model for the morphological stability of sur-
predictions for the wavelength and growth rate of the roughness as fces during ED in the absence of additives. The model explicitly
function of chemical and deposition parameters are collected in thécCounts for the electric field in the electrolyte, the metal cations and
form of a stability map, which shows under which conditions the @nions, and any additional ions from a supporting electrolyte. By
surface instability can be entirely suppressed. Finally, we comparéXPplicitly solving the steady-state equations for a planar growth

eq
Cc

(5]

Fqc

our predictions with experimental observations. front, we demonstrated that the model naturally gives rise to the
Gouy-Chapman{G-C) boundary layer and that increasing the con-
Model for Electrodeposition in the Absence of Additives centration of the spectator ions leads to a rapid decrease in the

. . ) magnitude of the electric field in the bulk. In this limit the metal
Formalism—We briefly review the relevant aspects of the mor- cation transport is dominated by diffusion in the concentration gra-
phology evolution formalism put forth in Part I. The number density dient, as expected. A first understanding of the morphology evolu-

for each ionic species obeys a continuity equation tion was obtained by carrying out a perturbation analysis in the
surface profile. In agreement with previous stability anal$/s?,
a_Ci V.j=0 [1] the surface was shown always to be linearly unstable against pertur-
ot : bations with a sufficiently large wavelength for any finite external

deposition flux. This result holds for both unsupported and fully
supported baths and can be understood as follows. Consider a small

where i= C, A, XC, XA denotes the metal cations, anions, specta- X .
perturbation to the planar surface. BecaGgseincreases away from

tor cations, and spectator anions, respectively. The ion fljjkes

follow from the growing surface, the metal cation concentratidn is larger
(smalley near protrusiongdepressionsthan near the flat surface. In
_ gieDC; the absence of surface tension an increas€dreads to a larger
ji(r) = =DiVC; — KaT Vv [2] metal cation flux via the B-V equation, Eq. 4. The larger metal

cation flux leads to an increase in and hence, to fastéslower
growth at a protrusioiidepression This positive feedback leads to
WhereDi denotes the dlfoS|V|ty and) is the electrostatic pOtential. unstable growth of the perturbations_ Capi”arity, however, effec-
¢ is determined from the Poisson equatibn tively suppresses perturbations on small scales, and these two com-
peting effectddeposition and capillarifyset the lateral scale of the
surface roughness observed in experiment. In particular, increasing
the deposition flux makes the surface rough on smaller scales and
leads to faster roughening. Interestingly, for a fixed depositionjflux
A o . . the system without the supporting electrolyte was found to be more
wheree denotes the constant local permittivity of the ionic solution. giapie than one with a supporting electrolyte, in agreement with
We consider a rectangular system of dimensibps< L, = W previous studie4’ This was shown to be a consequence of the in-

X L, whereW denotes the linear dimensidwidth) of the planar  creasing local metal cation concentration gradient as more spectator
surface and. denotes the thickness of the mass-transfer layer oveligns are added into the bath.

which the concentrations vary. Beyohdthe concentrations of all
species are very nearly constant. Periodic boundary conditions are Models for Additive Effects in Electrodeposition

employed in thex direction, and the boundary conditions in the o B S
direction become Cg(x, L) = Ca(X, L) = Co,  Cyxc(X, L) We now turn to the description of additives within the framework

_ _ _ : introduced in Part I. Qualitatively, there are three main questions
o (XCB‘S(: \I;) acrildl t:g?oﬁ(fﬁjxl_e?s - ?A thtii)g\gmazﬂzgi that must be considered in assessing the role of additives iriED:
spe(,:ies do r?(xntt codeposjt = —j; - fi = O V\;hereﬁ is the surface how do they interact with the ions in the bulkj X how do they get

. | . - y . .
normal (pointing into the bath The magnitude of the local metal © th€ surface, andi¢) once on the surface, how do they modify the

cation flux onto the growing surfage. (taken to be positive for a deposition of the metal cations. It has been suggested that a metal
n flux-onto the g g ae PO cation and an additive molecule can form a complex in the bulk
growing film) is given by the Butler-Volme(B-V) equation

solution2 in particular, it has been noted that increasing the ten-
C dency of metal ions to form complexes with the additives correlates
ZC guaFn/RT _ gapPn/RT [4] with their susceptibility to the effect of additivésThe transport of

Co the additives to the surface is usually assumed to be

2 = —2 3 qc(n (3]

jc=—ic-h =1
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diffusion-limited>” although it is conceivable that some of the Equation 6 accurately describes the interaction between the addi-

additives are brought onto the surface through the motion of thetives and the metal cations through complex formation, given that

metal cations as a part of a complex. the complexes are relatively weakly bound, which implies that
Several models have been proposed to explain the leveling efAQ, ~ kgT.

fects of additives, the most popular of which drg blocking the

surface, {i) changes in the boundary layer potential, afnd)(ion

bridging}2 The first mechanism, also known as the “dirt” mecha-

Polar additives—There is experimental eviderfcthat polarity of
the additives enhances the stability of the growing surface. It has

nism, is attributed to the tendency of the additive molecules to ad-been observed in lead electrorefining that naphthoquinone, which

sorb onto the surface and interfere with either the attachment OP;‘S a “]f'ecv'a.‘lf dipole rlnomentl, |s|a Ve% good Ievr_etlher, while a
metal cations or their diffusion along the surface to preferentialc emically similar complex molecule anthraquinoteith very

growth sites. This type of additive causes a decrease in the rate gimall m.olﬁculgr dipk(])Ie mhom%)ntt}as r? vlery Ismall leveling feﬁeck:'
the electrode reaction at fixed potential. The leveling effect of such! 1€NCE: It has been hypothesizenat the leveling capacity of naph-

additives can be understood by considering the additive concentral'oduinone can be attributed to the finite molecular dipole moment

tion around a protrusion: if the protrusion “collects” more additives WNich allows the additives to interact with the inhomogeneous elec-
than do depressior(s.g, due to an additive concentration gradient tric field at the metal/splutlon interface. L L
it tends to grow more slowly than the depressions, implying € energy of a dipole in an electric field is simply the dot
leveling2”% The second mechanism is based on the idea that thdreduct of the dipole moment vector and the local electric fiéld.
reduction reaction does not necessarily have to occur at the surfack'® total interaction energy of the dipole moment on the additives
but can take place anywhere within the G-C boundary [ajiérere- and the electric field ¢ is proportional to the local concentration of
fore, any foreign ions or neutral molecules which adsorb onto thedipoles(additiveg and the local electric field summed over all small
surface modify the potential within the G-C boundary layer and thusV0lume elements
influence the dergosition rate. Finally, the additives may increase the
rate of reductiort; this could apply to additives which bond to the F_ = _f Cpp - Vodr =~ _fcl|p||v¢|dr = _fclp|v¢|dr
surface and mediate the charge transfer between the metal cation r r
and the deposition bridging. [7]

It is noteworthy that the effect of a particular additive species can
be a combination of all these mechanisms. Furthermore, there isvherep is the molecular dipole vector of the additives, and the last
some evidence that the leveling is brought about through the intertwo equalities assume that the molecules quickly orient with their
action between reaction products of the additive at the surface andipoles along the field. Note that this coupling enhances the concen-
the growing depostt.Finally, in some cases the growth of a level tration of additives in regions where the magnitude of the electric
and bright deposit requires the simultaneous use of multiple types ofield is large.
additives. Such synergistic effects are not considered here.

In light of this discussion it is clear that unraveling the underly-
ing mechanisms for the leveling effect of a given additive molecular

Transport equations and fluxesBased on the additional interaction
terms introduced we rewrite the metal cation flux as

species is a daunting task. Therefore, the goal of the present work on qeDC DakC

additive effects is by necessity somewhat more limited, namely, to i(r) = —D~VCn — CCyy + - “Cyc 8
> o . Je(r) cVCec ¢ (8]

construct a minimal model for additive effects, to quantify the role kgT kgT

of different interactions in the morphology evolution of the surface,
and finally, to relate this to leveling. In particular, we consider ad- The last term is due to the coupling between the additives and the
ditives which(i) form complexes with the metal cationsj ) inter- metal cations, as described by Eqg. 6. Because the anions are as-
act with the electric field via a dipole moment, ariii ) interfere sumed not to form complexes with the additives their flux is still
with the deposition process by blocking surface growth sites. Al-Written as
though some of the microscopic details are necessarily ignored in

this approach, many of the common properties of additives are ac- ; = _D,VC, + %V )
, ; . jalr) AvVLla ¢ (9]
counted for. This approach provides a means to assess the impor- kgT
tance of different types of interactions and therefore provides a
guide for the development of additives. Finally, the additive flux reads
Coupling between the additives and the deposition process.— . D\pC D C,
Complex formation—We assume that complex formation between jitr) = =D\VC; + kaT VIVe| + kB_TVCC [10]

the additives and the metal cations is local and pairwise. That is, we

model complex formation between cations and additive in a small . I e . . .
volume of space as proportional to the product of the concentrationThe afdd',t've _flux has contributions from diffusion, gra@ents in the
of each in this volume. To obtain the contribution of complex for- €l€ctric field if the molecules are polap (+ 0), adsorption to the

mation to the total Helmholtz free energy, we add the contributionsSurface, and complex formation with the metal cations. Diffusion
of each local volume element as tends to smooth out the inhomogeneities in the concentration profile,

whereas the additives tend to accumulate in regions of large electric
field gradientslbecause the additives are pgldarge metal cation
Fc= —f PC(r)Cy(r)dr [6] concentration, or both.

Additives and surface site blockirgWe incorporate the effect of
This type of expression is commonly used in statistical mechanicsdditives in blocking potential surface growth sites by adopting a
treatments of solution theofy. In this equationys is a parameter modified B-V equation for the local metal cation flj which
which characterizes the strength of the local attractive interactionsatisfies
between the additives and the metal cations. A simple relation be-
tween the heat of complex formatidQ, per additive molecule and
the parametets can be established by assuming that one additive
molecule interacts with a single metal catidn= AQ,/C,. In this c
model any |nh0mogen§|t|§s |r_1 the meta_l_catlon concentration are X A= jo(l—0) _Ceaan/RT _ efuZFqRT) [11]
accompanied by a variation in the additive concentrat@(r). Co

. DcgeCc DcbCe
JC - DCVCC + kBT Vd) - kBT

|
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where 6, denotes the additive surface coverage. We describe the

surface coverage using a Langmuir isotherm 375 ~ BCag4 =0
KC
e':1+|<Ic: [12] 9 - act iq) “ve e, - pSyC
: dz " 'dz|dz 'dz ¢ X
where the adsorption equilibrium constatt= exp(AQ/ksT) and d2
AQ denotes the heat of adsorption. The tendency of the additives to €>—d¢ = —(Cc + Cyc — Ca — Cya) [13]
locally block some of the available growth sites on the surfauaes dz

leading to slower deposition rates for high local additive coverage
is phenomenologically incorporated by the multiplicative term (1 whereDS = D¢/D,, and where we have used two important di-
— 0)) in the local flux. In particular, we assume that a sufficiently mensionless parameter¥ = Cy/(kgT) = AQ,/(kgT) = InK,
high additive concentration can lead to a total saturation of theandA = V,p/(kgTL) in the additive flux.Y describes the interac-
growth sites on the surface, and hence to a suppression of deposiion strength for complex formation ankl describes the interaction
tion. This model qualitatively captures the salient features of thestrength between the additives and the inhomogeneous electric fields
interaction between additives and the metal cations at the growthhrough the finite molecular dipole moment. Furthermdte,de-
surface. notes the equilibrium constant for complex formation between the
We also consider the possibility that the additives on the surfaceadditives and the metal cations. In the subsequent calculations we
may be incorporated into the growing film by codeposition along employL = 4 x 104 m, appropriate for free convection electro-
with the metal cations. This codeposition is modeled by imposing aplating conditions.
dimensionless additive flux at the surface which is proportional to' \yritten in a dimensionless form, it can be inferred from the
the local metal cation fluxj, = xC’j, where the proportionality = metal cation steady-state equation in Eq. 13 that the term
constanty describes the extent of codeposition &d denotes the  YCdC,/dz, arising from complex formation, is typically very
dimensionless additive bulk concentration. While this admittedly small in magnitude 10 %) compared to the diffusion and drift
constitutes an oversimplification of the true surface physics, it isterms (~1), because the bulk additive concentrati®f ~ 107°
consistent with experimental observations and allows us to assesg ¢ . Therefore, we may drop the last term in the metal cation flux
the importance of codeposition on the growth of ED films, of which 5 5 very good approximation. Note, however, that the complexing
little is generally known. Note that = 1 implies that metal cations  term cannot be neglected in the additive flux and is thus retained in
and additives are incorporated into the growing deposit in propor-the following analysis. Because the additives now affect the metal
tions given by their bulk concentrations. cation concentration only through the modified B-V boundary con-

Itis noteworthy that a finite dipole moment effectively increases yjtion, the steady-state solutions 0. and¢ are exactly as given in
the equilibrium constari as the polar additives are attracted to the payt | in the absence of additives

surface by the large electric field strengths. Unfortunately, it is gen-

erally not easy to estimate the contribution of this interactiof to d?
quantitatively because it depends on the detailed atomic structure of Cc= (1 + CpexpBd) — Crexp—Bd) — e*—— [14]
the surface and the structure of the additive in question. However, as dz

a simple estimate we consider a typical electric field strength of

~0.3 V/nm at the interface and a typical dipole moment-&e A where

for a polar molecular species, the product of which is the dipole 1 i

moment contribution taAQ. Using these values we find that this d(z, ) = —{—*In( 1- —) - 1}

contribution is~0.125 eV, which is larger thakgT by a factor of pd 2+ 2C,

order 3 or 4 at room temperature. This translates into a change in the 4 ‘ Bd*
value ofK by a factor of nearly 25, as compared with its value if no X —tanh‘l( e V2B + CYze tanhT)
dipole moment were present. A dipole moment on the additives may B
also play a minor role on the metal cation-additive complex forma- 1 j jz
tion. However, in order to assess the significance of the aforemen- + Eln(l TS + TS )
tioned interactions on the growth front stability, we tr&ap, andiys 1 1
as independent parameters in the remainder of the paper.

[15]

_ ) _ and$* = Vg,/Veq. This solution is accurate to lowest orderdn
Steady-state properties-We again examine the steady-state everywhere and to lowest order ji(1 + C,) within the boundary
properties of the model as a prerequisite to the morphology analysi§ayer 0< z < € and to all orders i in the bulk. Similarly, the

In steady state the metal cation flux is constant across the length 0§teady-state solutions fa€,, Cya, Cxc, andC, are simplyCy
the cell, while the anion and spectator ion fluxes vanish, respec b ‘¢ "= C.e ¥, andCys = C e, and

tively. Therefore, upon measuring all lengths in units of the mass-

transfer layer thicknesk (and thus all wavenumbers in units of C, ~ CrelYCcrdldrz) (1 — pCyj + DCjz) [16]
1/L), time in units of diffusion timeL?/D¢, ionic and additive

concentrations in units of the bulk metal cation concentraGgn appropriate fory < 1. We note that the additive concentration at the
electric potential in units of the equilibrium voltagk,, and fluxes  surface is given bycf. Eq. 16

in units of the diffusion-limited fluXD -C,/L as employed in Part |, ” .

we may write the new dimensionles?s gteady-sta?e gquations as C,(0) = C;e YO+ Aldb(Oydz)) (1 — DICX]) [17]

r It is noteworthy that the large electric fields in the boundary layer
d—ch + Bccd_zd’ N YCCd_zC' = effectively attract polar additive particles.

In order to get a better understanding of the effects of the various
parameters in the additive concentration profile we plot some
representative profiles in steady state in the absence of spectator ions
in Fig. 1. In particular, Fig. 1a shows the equilibriugn€ 0) con-
centration profiles for several values of the interaction paraméter
that describes the strength of complex formation. Notice how an

dC Cd =0
36~ B Ad—z¢—

d d
d—ZCxc + BCxcd—Zd) =0
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increase in the metal cation concentration in the vicinity of supported electrolyte case the analysis is carried out analytically and
the boundary layer leads to a corresponding increas€,imlue is valid for all values of the deposition flyx while in the partially

to this attractive interaction. Additionally, the additive concentration supported electrolyte case the analysis is carried out as a perturba-
attains a constant value away from the boundary layer. Uponton expansion in the flug, as outlined in Appendix B of Part | in
applying an external deposition flux, the additive concentration pro-the apsence of additives.

file is influenced by the meta_l cation concentration gradient in Physically, the additives occupy surface sites where metal cat-
the bulk, as shown in Fig. 1b fgr=0.2,A = 0, x = 0, and sev- j,nq can attach, thus slowing growth. Therefore, if protrusions col-

eral values ofY. In particular, an additive concentration gradient o 1ore additives than depressions they grow more slowly, hence
in the bulk develops in steady state due to the interaction betwee fing the arowth of smooth surfack&®18 | d additi
the metal cations and additives. Finally, in Fig. 1¢ we plot the addi- avoring thé growth ol smooth surfaces.”=increased additive

tive concentration profiles in the absence of complex formation forconcentrations occur where the additive flux to the surface is great-
j=02Y=0,x=0, and several values of the parameter est. This flux is cqntroll_ed byi) addltlve-metal cation complt_axmg
which describes the coupling between the electric fields and thdrepresented by) in which the metal cations drag the additives to
polar additives. Note the accumulation of additives within the the growth front during depositionii( interactions between the
boundary layer as a consequence of their interaction with the electripolar additives and the inhomogeneous electric field associated with
field. the surface perturbation, and biji() additive codepositiorirepre-

Linear stability analysis: Additive effectsNext we apply the sented byx) which gives rise to an additive concentration gradient.
linear stability analysis to determine how the surface evolves duringThe linear stability analysis shows that the perturbation growth rate
ED in an electrolyte containing additives. The analysis follows the in the presence of additives(k) in a fully supported electrolyte is
procedure described in Part | in the absence of additives. In the fullygiven by
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Figure 2. Linear dispersion relatiom(k)/Q' vs. kfor a fully supported electrolyte witta, top lefy j = 0.5,Y = 4.0,x = 0.0,a; = 0.5, andy = 0.001 and

several values oKC;” and (b, top righ) j = 0.5,KC;" = 0.25,x = 0.0,«a; = 0.5, andy = 0.001 and several values of the paramatetescribing complex
formation. Linear dispersion relatioa(k)/Q’ vs. kfor an unsupported electrolyte féc, bottom lefy j = 0.5, KC}" = 0.5, x = 0.0, a; = 0.5, andy

= 0.001 and several values of the paramateand (d, bottom right j = 0.5,KC;" = 0.25,x = 0.0,a; = 0.5,y = 0.001, andY’ = 1.0, and several values

of the parameteA which describes the dipole moment of the additives.

. jeff(l + ay) A 2
o) k[ (1= ja VK 5
Qi1+ ay)

=y —irYa- Drxj) + k

where the effective currenfes(l + a)/(1 — jer) = j(1 + ap)/(1
— j) = T(jY + DPxj — j?DFxY), and the additive effects are
conveniently expressed Hdy as
KCye'(-h
I'= - 19
1+ KCre'* (1 — Dyj) [19]

physical interpretation. The presence of additives gives rise to an
effective fluxj¢s, the magnitude of which depends on the additive
bulk concentratiorC;”, the strength of complex formatiol, the
degree of codepositiog, and the susceptibility to segregate onto the
surface of the growing film, described by the equilibrium constant
K. Because o is always less thap, the metal cation flux driven
instability is reduced by the presence of the additives. This follows
from the key observation in Part ile., that the morphological in-
stability in the absence of additives is due to the finite deposition
flux j, and decreasingmakes the surface smoother.

In Fig. 2a we plotw(k) vs. k several additive concentrations
C/’, and a fixed metal cation deposition fluxThe other parameters
were set toj =0.6, Y =4.0, x =0.0, a; =05, and v

Qualitatively, Eq. 18 is very similar to the corresponding resultin = 0.001. Note that increasing;” leads to reduce#,, and insta-
the absence of additives, Eqg. 17 in Part I. In particular, the growthbility growth rates,» (k). Thus, increasing the additive concentra-

rate w(k) is positive for smallk and becomes negative fdc
> kg, implying stability on scaleg < ¢ = 2mw/ky, wheref de-

tion increases the range of surface stabi(itpplying leveling for
the same external deposition fljxCloser examination of Eq. 18

notes the stabilization length. Equation 18 has a very appealinglso reveals that increasing the degree of additive codeposition (



C714 Journal of The Electrochemical Socigtys0 (10) C708-C716(2003

> 0), the equilibrium additive surface concentratiogpresented by 1
K), and the degree of coupling between additives and metal cat-

ions all enhance stability, consistent with experimental
observationg.This is illustrated in Fig. 2b, where we shaw(k) vs.

k for several values of the interaction parameYemwith j = 0.5, 0.75
KCy = 0.25,x = 0.0,a; = 0.5, andy = 0.001. We note that the
additives can increase the surface stability even without additive
incorporation into the growing filnfas clearly seen from this fig- K
ure).

Let us now explicitly compare our predictions for surface stabi-
lization with existing experimental data. In particular, in Ref. 7 the
growth of copper deposits from a copper sulfate bath in the presenc
of thiourea was studied. For example, employing the current density
J = 200 A/n? and cation bulk concentratid®, = 0.6 M from Ref. 0.25
7, and employing the reasonable valizs ~ 10°° m%s,y ~ 1.6
Jin?, K = 10°, o} = 1, andx = 0.5, and experimentally deter-
mined value 0.8< Y < 1.5¢ appropriate for thiourea-cupric com-
plexes, we find that an additive bulk concentration of 0.025 mM 0 .
leads to the stabilization length 0.1 mm €4 < 0.2mm, in good 0 0.25 05 j° 075 1
guantitative agreement with experimental resulf gf- 0.5 mm in ]

Ref. 7.

It is nOteWQrthy th_at the parameteX which _qescr'bes the Figure 3. A stability map showing fixed sample dimensions and experimen-
strength of the interaction between the polar additives and the elece| conditions for which the ED surface is smogstablg or rough(unstable
tric field does not explicitly appear in Eq. 18. This is a direct con- for Y = 4.0, W= 1.0,x = 0.0,5 = 0.001, andx, = 0.5.
sequence of the fact that for a sufficiently large spectator ion con-
centration, the electric field is almost completely screened in the
bulk, and therefore it is practically unaffected by the surface pertur- ) .
bation. This implies that the electric field around a protrusion is theUnsupported electrolyte with polar additives. The results are shown
same as for a flat part of the surface or a depression, and therefoi® Fig. 2d, where we plots(k)/Q)" for j = 0.5, KC[" = 0.25,x
the interaction between the dipole moment on the additives and the= 0.0, «; = 0.5,y = 0.001, andY = 1.0, and several values of
perturbed electric field does not modify the additive efficacy in sta-the parameted which is related to the dipole moment of the addi-
bilizing the surface in the fully supported electrolyte. Increasing thetives. It can be seen that increasidgis beneficial for leveling.
additive dipole moment effectively increases the equilibrium con- However, the main additional stabilizing effect of dipolar additives
stantK as the additives are attracted to the surface by the largecomes from a larger effective equilibrium constak{ as A
electric field strengths, and this helps stabilize the surface, as dis= 107 °for L ~ 10 % m, appropriate for typical electroplating con-
cussed previously. In the partially supported electrolyte case, thalitions.

olar nature of an additive can play a further stabilizing role, as . . .
b piay 9 Additive-assisted growth of linearly stable surfaee3he results

discussed shortly. o "
We have also performed a stability analysis for ED in the pres_.presented can be used to choose deposition conditions correspond-

ence of additives for the case in which the electrolyte is unsupported"d t the maximum film growth rate for which the surface remains
or only partially supported using the same approach as outlined ipMo0th over the requisite length scali, To this end, we require
the previous section and in Appendix B. Figure 2c shows the per-hat all perturbation modes with wavelengths smaller Wadecay;
turbation growth rates(k)/Q)’ as a function of wavenumber for the €+ @(K) < 0 fork . 2m/W. Equation 18 impliegen(1 + ap/(1
case of the completely unsupported electroly@, & 0), for j — Jer) < you(2m/W)” for the case of a fully supported electrolyte.
— 05,KC = 05, x = 0.0, a; = 0.5, = 0.001, and several In order to guide experiment, we express the stability conditions in

values ofY. As in the fully supported electrolyte case, increasinhg terms of the experimentally accessible parame(eithout changing

. . i X " . additiveg, metal cation fluy (which is proportional to the growth
is beneficial for stability. Increasing the bulk additive concentration ate, and additive concentratiog” . In Fig. 3 we construct a sta-

nd th rf Ver, f th itives through increasing the® - - ;
Zlqﬂilibr(?u?r:J c?)cnestgﬁtli ?agllseo Oin::r:aggg thiS surfcz)aL(I:% stacbﬁg;otg E)!“tyl map gorfreltl':lllstlc grO\;vth Candltlodns- SUCQI amap %onver(;l_ently
shown), as in the fully supported electrolyte case. Isplays the full range of stable and unstable growth conditions.
) y Subp y dWhlIe introducing additives can dramatically increase the deposition

A novel feature arises in the unsupported or partially supporte ts that b 4. the effect saturat Cl ddit
electrolyte case when the dipole moment of the additives is finite, a$U'"eN's that can be used, the efiect salurates at largeé additive con-

anticipated previously. During deposition, a finite electric field is set Centrations. There exists a critical currgiit~ 1 — (1 + ay)/Y
up in the bulk; the presence of this field is due to the absence oftbove which the addltl\_/es are mc_apable of Iev_ellng the _surface. This
spectator ions and it persists for small spectator ion concentrationst@n be understood by incorporating the blocking effect into the sec-
as shown in Part I. Consider next the nonzero electric field associond term of an effective overpotentigky = n + RTFIn(1 — 6,),
ated with a surface protrusion. Since the growing surface is an equioPtained from the modified B-V equation. In order to produce large
potential one, it follows that the equipotential lines are crowded deposition fluxes, the metal cation concentration gradient ahead of
together ahead of the protrusion, and the corresponding electric fielfhe surface is large and the metal cation concentration is low. To
becomes largéthis is shown explicitly in Part I, Appendix)Bthe maintain these high fluxes the overpotential must be large, such that
opposite is true for a depression. Because the polar additives ara > RT/FIn(1 — 0,). This implies that the additivegepresented
attracted to regions of large electric fields, a protrusion collects moredy 6,) are incapable of stabilizing the smooth surface.
additives, which tends to stabilize the surface. These physical argu- Finally, let us relate the stability map to experiments. The surface
ments are confirmed by calculating the linear stability curves for anis linearly stable at sufficiently small currerjteven in the absence
of additives. However, for sufficiently largg instabilities with
wavenumbers greater thanr2N appear, implying roughening. In-
¢ Doona and Stanbufy measured the equilibrium constait for thiourea-cupric creasingC;" at fixed j < j* leads first to slower roughening and
ion complex formation, from which we fin¥ = In K. then to a transition from a rough to a smooth surface. This behavior

(o]
1
05

STABLE
UNSTABLE
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is consistent with experimental observations of Schilaetlal’
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Conclusions
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We have introduced a chemically motivated continuum model c[;
for the morphological stability of surfaces during ED and the effects C:
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the electric field in the electrolyte, the metal cations and anions, the D;
additives, and the spectator ions from the supporting electrolyte. The |,
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was analyzed using perturbation theory. In the fully supported elec- *?
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observations. The additives stabilize the surface by decreasing the 1
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the additives to segregate onto the surface, the strength of complex’n
formation, and the local additive flux; increasing the magnitude of
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List of Symbols

concentration of species i

metal cation bulk concentration

spectator cation bulk concentration, normalizedGyy
additive bulk concentration, normalized KBy
diffusivity of species i

Faraday constant

position of the surface in the lab frame
dimensionless steady-state metal cation flux

flux of the species i

exchange flux density

initial perturbation wavenumber, in units ofL1/
equilibrium additive surface adsorption constant
Boltzmann constant

equilibrium constant for additive-metal cation complex formation
maximally unstable mode

neutral mode

thickness of the mass-transfer layer

stabilization length

surface normal, pointing into the solution

strength of the dipole moment per additive

charge of the species i

gas constant

temperature

equilibrium potential of the metal-solution interface
electric potential of the metal-solution interface during growth
normal velocity of the growth front

distance from the surface

any of these terms increases the surface stability. The tendency d#reek

the additives to segregate onto the surface is enhanced in the case of
polar additives, which are attracted to the surface due to the pres-

ence of strong electric field gradients. This occurs for any bath com- §
position. Additionally, the dipole moment of the additive may help A
further stabilize the surface in the case of an unsupported or partially>Ci
supported electrolyte, as the polar additives also interact with the ;’é
electric fields associated with surface protrusions. Under typical
deposition conditions, however, we expect this effect to be small. ¢

Leveling is promoted by increasing the concentration of the ad- =
ditives, the tendency for the additives inermodynamically seg- g
regate to the surface, the tendency for additive-metal cation com-)\G';
plexing, incorporation of the additives into the growing Y
electrodeposit, and the tendency of the additives on the surface to ¢
block metal cation attachment. At a minimum, additives must be ¢*
able to segregate to the surface in equilibrium and be able to block X
surface sites once they get there. In addition, at least one of the ¢
following must also be present: additive-metal cation complexing, 9’
additive incorporation in the growing deposdr, equivalently, ad-
ditive reduction at the surfageor a nonzero dipole momefit the
electrolyte is not fully supportgdThese different effects act in con-
cert in a well-designed additive.

Much of these results can be summarized in stability maps that ,
show under which experimental conditions a surface is stable or
unstable for a given feature sizbelow which the surface must be
flat). We have constructed such a map in metal cation jldxe.,
growth rat¢ and additive concentratio@;” space. This map clearly
shows the existence of a sharp boundary between the stable and.
unstable growth regimes as well as identifies conditions under which &
increasing the additive concentration is unable to suppress this natu-g'

3.

ral instability. 9.
10.

11.

9 The experiments of Schilareit al” show that incresing the additive concentration  12.

leads to first decrease in roughness rather than an increase in roughness above
some critical concentration. Those authors attribute this to a phase transition withinl3.
an additive layer.

o(k)

dimensionless equilibrium potential of the metal-solution interface
surface tension of the metal-solution interface
dimensionless surface tension of the metal-solution interface
dimensionless additive dipole moment

perturbation of the species i

perturbation of the local metal cation flux

initial surface perturbation amplitude

dimensionless thickness of the G-C boundary layer
permittivity of the solution

overpotential

additive surface coverage

local curvature of the metal-solution interface

thickness of the G-C boundary layer

dimensionless strength of complex formation

electric potential

potential of the metal-solution interface, normalized by the equilibrium potential
parameter describing the extent of additive codeposition
parameter which describes the strength of complexing
atomic volume of the metal in the deposit

dimensionless atomic volume of the metal in the deposit
growth rate of perturbation with wavenumber
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